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FOREWORD

This report presents the results of the second phase of a two phase program to

study and demonstrate methods and techniques to improve the operating

efficiency of hydraulic systems in advanced Navy aircraft. The results of

Task I (study phase) are presented in Volume I of this report. The results of

Task II (demonstration phase) are presented herein.

The study phase consisted of the following:

o Determination of study methodology

o Definition of baseline vehicle
o Establishment of baseline hydraulic system

o Evaluation of candidate energy saving techniques

o Application of the most promising techniques to a target

system

o Determination of weight and energy savings of the target

system over the baseline.

The hardware demonstration phase consisted of the following:

o Design test parts

actuator modification
test fixture modification

o Procure demonstration hardware

Direct drive control valves and electronics
Dual pressure pumps

o Analyze test results

o Summarize results

lmml 1 m l I II lll llli
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1.0 HARDWARE DEMONSTRATION PHASE (TASK II)

1.1 APPROACH

1.1.1 Introduction

The study phase, reported in Volume I, determined that certain energy

conservation techniques can significantly reduce aircraft fuel consumption.

Techniques considered to be effective in reducing losses and selected for

laboratory demonstration testing were:

o Control valves with overlap and shaped orifices
o Dual pressure level systems

Specially designed hardware were fabricated to validate the potential of these

energy saving techniques. Tests were then conducted to determine the energy

consumption of the different techniques. In addition, dual pressure level

switching transients were investigated, and actuator performance changes

resulting from the use of the special control valves were examined. Section

1.1 describes the demonstration hardware, tests performed, and instrumentation

used. Test proceures and results are presented in Section 1.2. A summary is

given in Section 1.3.

1.1.2 Demonstration Hardware

1.1.2.1 Control Valves. Quiescent leakage in control valves causes

appreciable power loss. Most of this internal leakage occurs at the spool

null position and is a function of valve size, spool/sleeve clearance, and

orifice geometry. Total internal leakage is the sum of the dynamic leakage

that occurs when the valve is operating plus null leakage when the spool is

stationary. Two approaches were investigated to determine potential energy

savings: overlap and shaped orifices (see Section 2.4.5 in Volume I).

1
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Valve design and performance requirements were established by a specification

prepared to procure the valves. This specification is presented in
Appendix A. Considerable latitude was permitted for deviating from the

specification requirements providing the basic goals of the test program could
be met with the proposed design. Cost was an important consideration in

supplier selection.

Two companies were chosen to provide the test valves: Bendix Electrodynamics

and E-Systems. Bendix provided both the valves and electronics on a
consignment loan basis. E-Systems provided the valve electronics on a
consignment basis. Descriptions of the test valves are given in the following

paragraphs.

Bendix Electrodynamics. The test valve is a modified version of a 5,000 psi
unit built for a prior Bendix project. The valve has separate motor and

spool/sleeve assemblies that combine in one housing to form the valve

assembly. The motor and spool both have rotary motion. Three interchangeable
spool/sleeve assemblies provide three different configurations:

o Zero overlap with linear slot orifices

o High overlap with linear slot orifices
o Small overlap with T-slot orifices

Spool travel is +100 (+0.0327 in.). Rated flow is 5 gpm. Multi-metering
orifices are employed to minimize the maximum chip size the spool must shear.
The maximum available shear-out force is 80 lb. Flow forces are exceptionally

low due to special design features.

The motor is a brushless DC type with samarium-cobalt magnets to provide a
high torque-to-power ratio, and is an "inside-out" design with magnets on the

rotor and windings on the stator. The motor drives the spool directly; a
torsional centering spring is attached to the opposite end of the spool. No
seals are required on the spool. An ROT provides the spool position feedback
signal. The valve/motor assembly is shown on Figure 1.

2
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Figure 2. E-Systems direct drive servo valve j
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The Bendix electronics package drives the torque motor with an analog signal,

and provides feedback loop closure around the valve spool and actuator

piston. Loop gain adjustments are available.

NOTE: Flow gain, pressure gain, internal leakage, and frequency
response tests were completed on the zero overlap and T-slot
configurations (the high overlap valve had not yet been
received). The T-slot valve failed during the servo actuator
tests (see Section 1.2.2.2). No further tests were conducted on
the Bendix valves due to program scheduling constraints.

E-Systems. The test valve was originally designed to control two independent

systems on a dual system actuator, and has a single, linear-motion spool. The

valve design was modified so that one side has zero overlap and the other side

has 0.002 in. overlap. Rated flow is 3.5 gpm on each side. The valve

mounting block is made so that only one system can be operated at a time. A

linear motion LVDT is used to close the loop around the spool and provide a

spool position signal. Available chip shear-out force is 45 pounds. The

valve is shown on Figure 2.

The valve electronics package drives the force motor with a pulse-width-

modulated signal, provides feedback loop closure around the valve spool, and

has a manual bias control. A second electronics package provides loop closure

around the servo actuator piston and has feedforward and feedback compensation

adjustments.

1.1.2.2 Servo Actuator. The actuator was built by Vought for the LHS

Advanced Development Program, reference 1, and was designed to operate the

unit horizontal tail (UHT) on an A-7E test bed aircraft. The servo actuator

has dual tandem cylinders and a dual tandem mechanical input control valve,

Figure 3. Feedback is accomplished with mechanical linkages.

4
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Figure 3. Original unit horizontal tail actuator
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Figure 4. Modified UHT actuator with Bendix valve
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The UHT actuator was modified to mount it in a mass load test fixture and to

accommodate the Bendix and E-Systems control valves. Changes made were:

o The FC-2 piston with unbalanced areas was replaced with

a balanced area piston. The FC-1 side of the actuator

was de-activated.

o A new piston rod seal cartridge was made to fit the

new size piston rod.

o An LVDT was installed inside the piston rod to provide

electrical feedback.

o A new rod end was fabricated to mate with the mass load

fixture.

o The mechanical control valve housing was replaced with a

manifold designed to interface with the Bendix and E-Systems

test valves.

The modified UHT actuator with the test valve installations is shown on

Figures 4 and 5. Major design parameters are:

Operating pressure: 8000 psi

Piston diameter: 2.368 in.

Rod diameter: 1.185 in.

Piston stroke: 6.58 in.

Extend/retract

piston area 3.301 in.2

Stall output force: 26,400 lb

1.1.2.3 Dual Pressure Pump. A 4000/8000 psi pressure level system offers

substantial energy savings, reference Section 2.4.6 in Volume I. The dual

pressure level concept employs a logic system to determine the pressure mode

used. Important advantages obtained, in addition to energy savings, are

reduced heat rejection and an increase in MTBF for hydraulic system components.

6
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The test pumps were originally procured for the LHS Advanced Development

Program, reference 1, and are a pressure compensatea, variable delivery axial

piston design. The units, built by Vickers Aerospace Division, were designed

for use on the LHS simulator, and were identified as N/N PV3-047-2, S/N 346580

and S/N 346581. Rated flow is 10 gpm at 5900 rpm. One pump (S/N 346581) has

accumulated 1150 hours of endurance cycling during LHS programs; the other

unit (S/N 346580) has accumulated 227 hours.

The pumps were modified to operate at two pressure levels by Vickers. The

Statement of Work and Performance Requirements Specification Sheet are

presented in Appendix A. The modification permits switching from a high

pressure (8000 psi) to a low pressure (4000 psi) mode of operation and from

the low pressure to the high pressure mode. Control pressure is ported to the

pump compensator mechanism using a 3-way solenoid valve. Loss of electrical

power to the valve will revert the pump to the high pressure mode. The

modified pump, N/N PV3-047-4, is shown on Figure 6.

1.1.2.4 LHS Simulator. The original purpose for the simulator was to

demonstrate the concept of using an 8000 psi operating pressure to achieve

smaller and lighter weight hydraulic components than those used in aircraft

with conventional 3000 psi systems, reference 1. The LHS simulator is a steel

structure with hydraulic component installations designed to represent a full

scale A-7E 8000 psi flight control system, Figure 7. A modular design

approach was employed. Two types of modules are used:

Power Modules Load Nodules

FC-l System Aileron, LH

FC-2 System Spoiler, LH
UHT, LH & RH

Rudder

Speed Brake

Leading Edge Flap

LH Inboard, LH Outboard

7
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4O000 psi level adjustment

8000 p si level adjustment

Figure 6. Vickers dual pressure pump with switchin2 valve
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Each power module contains a pump, reservoir, filters, and valving to supply

hydraulic fluid to the flight control actuators. Each actuator is mounted in

a load module that duplicates the kinematics of an A-7E installation.

Load/stroke conditions imposed on each actuator are based on specific,

individual requirements. Twelve 8000 psi flight control actuators are

installed in the simulator:

Primary Lontrol Actuators Secondary Control Actuators

Aileron, LH Speed Brake

Spoiler, LH Leading Edge Flap (4)

Roll Feel Isolation

Unit Horizontal Tail, LH & RH

Rudder

AFCS (yaw)

The simulator can be operated manually or automatically. Manual control is by
"pilot stick" or through manipulating dials and switches on a console panel.

Automatic control is by a mechanical programmer.

1.1.3 Tests Conducted

1.1.3.1 Control Valves. The primary objective was to determine the effects

of overlap on valve flow gain, pressure gain, internal leakage- and frequency

response. Flow gain is a plot of spool position versus no-load flow. Flow

gain directly affects loop gain and therefore influences system stability.

Pressure gain is a plot of spool position versus the difference in pressure

between the valve cylinder ports which are temporarfly blocked for this

measurement. Pressure gain provides servo actuators with the capability to

break away large friction loads with little error. Internal leakage is

plotted as a curve of spool position versus return line flow with the cylinder

ports blocked. Internal leakage dominates valve performance in the null

region and is a continuous power loss. Frequency response involves plotting

the output divided by the input (amplitude ratio in db) versus frequency. A

valve with good response operates with minimum overshoot and undershoot and

minimum phase lag within a required frequency band. Tests conducted were:

10
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Pressure

Test Levels Test Conducted By

Flow gain

Pressure gain 4000 & 8000 psi NAAO-Rockwell

Internal leakage

Frequency response 3000 psi Bendix

8000 psi E-Systems

1.1.3.2 Servo Actuator. The effects of valve overlap and dual pressure

level operation on actuator performance were investigated by determining

actuator response to step and sinusoidal inputs, by measuring piston position

changes and pressure transients resulting from pressure level switching, and

by comparing the energy consumption of the different valve/actuator

combinations. The dynamic operation of servo actuators is typically

characterized by the accuracy with which they track square wave commands and

their ability to follow sinusoidal inputs over a given frequency band. Loop

gains and command amplitude directly affect performance and must be carefully

selected to provide valid test data. Switching pressure levels from 4000 to

8000 psi and 8000 to 4000 psi may produce undesirable side effects -- pressure

transients and actuator position disturbances. The extent of these

occurrences were to be determined. The energy consumption using an overlapped

valve was compared to the energy consumption using a zero lapped valve. These

measurements provided the basis for energy savings achieved.

Tests conducted on the servo actuator were:

Test Actuator Configuration Pressure Levels

Dynamic Response5 )
Pressure Level Switchin E E-Systems Valve 4000 & 8000 psi

(cycling flow) ) zero overlap (
Energy Lonsumption 0.002 in. overlap)

11
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1.1.3.3 Dual Pressure Pump. Pump performance was based on four operating

characteristics: overall efficiency, pressure ripple, transient response, and

heat rejection. Overall efficiency is delivered hydraulic power divided by

input horsepower, and is measured at rated operating conditions of speed,

flow, and temperature. Pressure ripple is caused by the stroking action of

the pump pistons. This ripple causes standing pressure waves in the pump

discharge line which can, if the right frequencies are present and amplitudes

are sufficient, cause undesirable vibration in system tubing. Transient

response is a measure of the ability of the pump to respond to rapid changes

In flow demand. Slow response causes large amplitude pressure transients --

both overshoot and undershoot. Overshoot causes high stresses in system

components; undershoot results in degraded actuator performance. Heat

rejection is the result of internal leakage used to lubricate and cool the

pump, and is caused by fluid throttling from high pressure to low pressure

which raises fluid temperature. High fluid temperatures are harmful to seals

and increases internal leakage rates in other components. Heat exchangers are

frequently needed to remove heat added to systems by pumps with high heat

rejection.

Tests conducted on the dual pressure pump were as follows:

Test Pressure Levels

Overall Efficiency

Pressure Ripple 4000 & 8000 psi

Transient Response

Heat Rejection

Pressure Level Switching 4000 & 8000 psi

(steady flows)

12
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1.1.3.4 LHS Simulator. The LHS simulator was used to determine the effects
of overlapped valves and dual pressure levels on the operation of a full scale

hydraulic system. The overall objective was to demonstrate that overlapped
valves can be employed to conserve energy without seriously degrading actuator

performance, and that switching operating pressure levels does not cause
harmful pressure transients. The actuator was mounted in the LH UHT load
module (see Figure 7). FC-i system was used to power the actuator. FC-1 and
FC-2 systems were operated for the pressure level switching tests.

Tests conducted on the LHS simulator were as follows:

Test Configuration Operating Mode Pressure Levels

LH UHT ACTUATOR

(E-Systems Valve) step input
Dynamic Response zero lap sinusoidal input 4000 & 8000 psi

.002 in. 9 output loaded
overlap FC-I only

Pressure Level E-Systems Valve output motionless?
Switching zero lap output moving t 4000 & 8000 psi

overlap FC-l only

Energy (E-Systems Valve) (sinusoidal output)
Consumption zero lap , output unloaded 4000 & 8000 psi

.002 in. r output loaded
overlap ( FC-l only )

SYSTEM

Pressure Level FC-I & FC-2 (All actuators )
Switching systems cycling)operating modes: 4000 & 8000 psi

2%, 10%, and
50% load/stroke

13
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Test Configuration Operating Mode Pressure Levels

Pressure Ripple FC-1 & FC-2 All actuators 4000 & 8000 psi
systems at null

Spectrum Analysis FC-1 & FC-2 All actuators
systems at null 4000 & 8000 psi

Pump speed sweep

Energy E-Systems Valve LH UHT actuator
Consumption zero lap cycling

.002 in. All other actuatorl-
overlap at null 4000 & 8000 psiLH UHT unloaded

LH UHT loaded
FC-l only

1.1.4 Instrumentation

1.1.4.1 Hydraulic Test Bench. The performance of the Bendix and E-Systems

valves was evaluated using a bench designed for testing 8000 psi hydraulic

components, Figure 8. The test stand, built by Dayton T. Brown, is capable of

delivering flows up to 18 gpm at pressures up to 8000 psi. Flow is measured

by a positive displacement meter with readout in any desired units on a

microprocessor based indicator. Fluid temperature can be controlled at levels

between +100 and +200°F. The bench contains fluid per specification

MIL-H-83282; fluid filtration is 3 microns absolute.

1.1.4.2 Electronic Data Analysis System. A multi-channel computer based data

analysis system was used to support all tests, Figure 9. A block diagram of

the system and component identification are given on Figure 10. Signal

processing is performed on an analyzer with pre-programmed waveform

analysis/manipulation functions for both time and frequency domain

measurements. Capabilities include transient analysis, spectrum analysis, and

mathematical operations from basic to complex such as fast fourier

transforms. The analyzer is also a digital oscilloscope with flexible

multi-trace display capabilities. Bandwidth is 100 KHz with 14 bit A/D

resolution; accuracy is 0.1%.

14
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Fure 8. 8000 psi hydraulic test bnc

Figure 9. Electronic data analysis system
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PRINTER MONITOR SOFTWARE

1 2 7

PLOTTER MS P INLTS
SOAEPROCESSOR DTS

KEBOR DATA

COMPONENT PART NUMBER MANUFACTURER

1 2932A Hewlett-Packard
2 35741A .
3 7475A
4 9153A

p5 9000 Series 300
8 46021A
7 EASY Entek
8 6100 Data Precision
9 681

Figure 10. Block diagram of data analysis system
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Operation of the data processor is enhanced through the use of a CPU and

customized software. Soft keys located on the computer keyboard are

pre-programed to execute special functions. Menu driven programs were

employed to make various types of graphs on an inter-active X-Y plotter.

Special data presentation capabilities include order tracking and

three-dimensional cascade displays.

1.1.4.3 Transducers. Several different types of transducers were employed in

the demonstration tests to measure pressure, flow, temperature, torque, and

speed; these are listed on Table 1. The transducers produce electrical

signals which must be conditioned; signal conditioning and readout equipment

are listed in Table 2.

All transducers were calibrated so that calibration factors could be developed

for use in the data analysis system. The system has provisions for entering

engineering units per volt, such as in 3/sec/volt, psi/volt, lb-in/volt, and

rpm/volt.

1.2 HARDWARE DEMONSTRATIONS

1.2.1 Control Valves

1.2.1.1 Procedure. Schematic diagrams of the setups used for the flow gain,

pressure gain, and internal leakage tests are presented in Figure 11. Command

signal waveforms and frequencies are also given on Figure 11. The test data

are based on spool displacement, therefore different displacement amplitudes

were employed for the Bendix and E-Systems valves. These amplitudes, given on

Figure 11, were based on the signal amplitude generated by the spool position

feedback transducer (LVDT cr RVDT). Spool displacements used in the flow gain

and internal leakage tests were the same. Spool displacement used to

determine pressure gain was approximately 25% of that used in the other

tests. All tests were conducted with valve inlet pressures of 4000 and 8000

psi; return pressure was approximately 100 psi. Test bench fluid temperature

was controlled at 120 +50F. A view of the flow gain test setup with the

E-Systems valve is shown on Figure 12.
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Fl ow C

Ga in PTs av
Setup . -

Command signal wave for. Sne (single cycle)
Nave period: 10 sec

Feedback signal amplitude:

Bendix Valve *3.S V (F.S.)
E-Systems valve *10.5 V (F.S.)

NOTE: Flow rate limited to 3 gom due to capacity of flow
metering cylinder(&-

1 C2

Pressure
Gain
Setup

Command signal wave fare: Romp (single cycle, P-'P)

Wave period.: -100 sac

Feedback signal amplitude:

Bendix valve *0.9 V (F.S.)

E-Systemas valve t2.0 V (F.S.)

NOTE: Fluid volume at C1 and C2 was as small as practical.

Flow Metering.Cylinder

Internal
Leakage
Setup

Command signal wave form: Cosine (single cycle)
Wave period: 100 sec

Figure 11. Schematic diagrams of Feandign alvue: *. (.

___________________________ edi valve fl3.5 V (F.S.)
valve test setups ESs~vle *05V(..

NOTE: Fluid jolm at C1 and C2 was equal and approximtely
0.6 In at each port.
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7 "Flow cylinder .

E-Systems servo valve

Figure 12. View of flow gain test setup
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1.2.1.2 Results. Flow gain, pressure gain, and internal leakage plots made

by the data analysis system are presented in Appendix B. Examples of this

data are shown on Figures 13, 14, and 15. Results of the Bendix and E-Systems

valve tests are discussed in the following paragraphs.

Bendix. Performance values obtained from the plots in Appendix B are listed

in Table 3. Qualitative evaluations of valve operation are given in Table 4.

The flow and pressure gain curves have a null offset caused by the Bendix

electronic package. Symetrical signals applied to the input of the package

were unsymnmetrical at its output. Bias adjustments are available inside the

package; none are available outside. No attempt was made to bias the command

input signal in order to balanci the output.

Performance of the zero lap configuration was affected by internal friction.

Bendix acknowledged that alignment between the spool axis and torque motor

output axis were not as good as desired because of adverse tolerance

build-ups. It should be noted that the T-slot configuration was installed in

valve assembly P/N 3335661-2; the zero lap spool was installed in valve

assembly P/N 3336730.

E-Systems. Performance values obtained from the plots in Appendix B are

listed in Table 5. Qualitative evaluations of valve operation are given in

Table 6. The flow and pressure gain plots contain small irregularities. This

was due to the pulse-width-modulation (PWM) signal of the E-Systems electronic

package. The P114 in effect imposed a small dither motion on the spool, and

was most evident on the pressure gain plots. The horizontal irregularities

are due to small spool displacements sensed by the LVDT; the vertical

irregularities are due to pressure fluctuations caused by the small spool

displacements. Although the plots do not have a neat appearance, the "noise"

was not considered detrimental to valve performance.

PWM caused problems during the entire test program because of the "electrical

noise" it generates. Considerable effort was required to shield other test

instrumentation from conducted and radiated P114 noise so that noise-free data

could be obtained. PWM caused the E-Systems valve to work hard, and on some

occasions the motion of the servo actuator piston was observed to contain high

frequency, low amplitude irregularities.
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FLOW4 GRIN

I Bendix P/N 3336730
Configuration: Zero Lap

<

3
0

-J -- t Supl -------e 688e psi
r-- 2. Valv; L'oad: none

3. Parts: C1 & C2 interconnected
4. Fluldi PIIL-H-83282
5. Fluid Tamp: +12e Doag F

i i 0 1 0 1

Spool Displacement, degrees

I Bendix P/N 3336?30 -

Configuration: Zero Lap

34 0

I. Supply Pressure: 4989 psi
-1- 2. VAve Load: none

3. Po rts: Cl L C2 interconnected

4. Fluid: MIL-14-S3292
S. Fluid Tamp: +129 Deg F

Spool Displacemient, degrees

(Figure 13. Flow gain data, Bendix zero lap valve

23



NADC-88066-60

PRESSURE GRIN

IS E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

~,

CL

a

Cu
U
CL

I. supply Pre mur.: SI pal
.Pr t C1 S C blzcked

3. Fluid: MIL--63262
4. Fluid Tempt +120 Dog F

Spool Displacement, 0.001 in.

- E-System% P/N 183300-100
Valve Overlap: 0.002 in.M

-o

a.

CL

ci
IU

1. Supply Frossure: 4M pal
2. Port.: C1 & CZ blocked
3. Fluid: "ZL-4"43292
4. Fluid Tempt +126 Dog F

Spool Displacement, 0.001 in.

Figure 14. Pressure gain data, E-Systems overlapped valve
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INTERNAL LEAKAGE

Bendix P/N 3335661-2Configuration: T-Slot

U ~ ~~~ ~ ~ ____II:Tap 18D g
1: Supply Pressure: 6000 pI

Spool Displacement, degrees

Configuration: -Sl ot

~I. Supply Pressure: 4000 ps i

P .Prs C, Z C2 blocked
3. Mlid: MIL-H-83 92

\4. Fluid Tamp: +128 Dog F

C

I0

Spool Displacement, degrees

Figure 15. Internal leakage data. Bendix T-slot valve
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TABLE 3. Quantitative performance, Bendix valves

3rd QUADRANT NULL 1st QUADRANT

FLOW GAIN, in3/sec/deg

Zero Lap Valve
4000 psi 0.71 0.64
8000 psi 1.06 1.00

T-Slot Valve
4000 psi 1.63 1.27
8000 psi 2.57 1.88

PRESSURE GAIN, psi/deg

Zero Lap Valve
4000 psi 8511 1828
8000 psi 13,072 4846

T-Slot Valve
4000 psi 4250 4250
8000 psi 8016 8016

INTERNAL LEAKAGE, in3/sec/deg

Zero Lap Valve
4000 psi .057
8000 psi- .105

T-Slot Valve
4000 psi .275
8000 psi .512

TABLE 4. Qualitative performance, Bendix valves

GAIN GAIN NULL AREA
BALANCE LINEARITY HYSTERESIS GAIN CHANGE

FLOW GAIN

Zero Lap good fair good high

T-Slot fair excellent good high

PRESSURE GAIN

Zero Lap poor poor good high
T-Slot excellent excellent excellent none
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TABLE 5. Quantitative performance, E-Systems valves

3rd QUADRANT NULL lst QUADRANT

FLOW GAIN, in3/sec/in

Zero Lap Valve
4000 psi 895 895
8000 psi 1351 1351

.002 Overlap Valve
4000 psi 918 896
8000 psi 1339 1336

PRESSURE GAIN, psi/in

Zero Lap Valve
4000 psi 13.4 x 106 13.4 x I06
8000 psi 21 x 10o 21 x 106

.002 Overlap Valve
4000 psi 2.94 x i06 1.82 x 10 6 2.78 x 106
8000 psi 5.46 x 100  3.09 x I0 5.80 x 1O

INTERNAL LEAKAGE, in3/sec/in

Zero Lap Valve
4000 psi 0.29
8000 psi 0.39

.002 Overlap Valve
4000 psi 0.023
8000 psi 0.067

TABLE 6. Qualitative performance, E-Systems valves

GAIN GAIN NULL AREA

BALANCE LINEARITY HYSTERESIS GAIN CHANGE

FLOW GAIN

Zero Lap excellent excellent good none

.002 Overlap excellent excellent excellent high

PRESSURE GAIN

Zero Lap excellent excellent excellent none

.002 Overlap excellent excellent excellent high
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Frequency Response. Frequency response tests were conducted by Bendix and

E-Systems; the plots are presented in Appendix B. Bendix ran their tests at

3000 psi using MIL-H-83282 fluid, E-Systems conducted a single test at 8000

psi using CTFE fluid. A summary of results is given below:

-3 db Point

Spool
Displacement Frequency, Hz Phase angle, deg

Bendix Valves

Zero Lap +10% 50 -57

+25% 53 -59

T-Slot +10% 77 -123

+25% 81 -106

E-Systems

.002 in. Overlap +2b% 130 -43

1.2.2 Servo Actuator

1.2.2.1 Procedure. Three different types of tests were conducted: dynamic

response, pressure level switching, and energy consumption. Each test

employed different instrumentation and methods of acquiring the data. A

general setup was used, however, for all three tests. A schematic diagram of

the hydraulic system is presented on Figure 16.

The servo actuator was mounted in a fixture designed to simulate the mass load

of a horizontal stabilizer on the RA-SC airplane, Figure 17. The fixture was

originally built to test an actuator developed for the LHS program, reference

2. Installation of the UHT actuator in the fixture required new mounting

provisions; these are indicated in Figure 17. The fixture was made very rigid

to minimize structural dynamics. The effective mass load on the actuator was

6.94 lb-sec 2/n. Prior tests conducted on the fixture have established

that a mass load/actuator natural frequency occurs in the range of 19 to 23 Hz
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50 hp switching valve
Varidrive

_____________________ ___________ -Safety shut
down valve

Unloading valve

_125 in
Lvol ume I

Servo actuator

Figure 16. Schematic diagram of hydraulic system
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Mass load... ,

E-Systems valve

UHT actuatorIL/
New support structr

Figure 17. Servo actuator/mass load fixture installation
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(depending upon the actuator and fluid being used). Operation in this

frequency region could cause physical damage to test parts. An upper limit of

18 Hz was therefore used for frequency response tests conducted with the mass

load.

Dynamic Response Tests. A schematic diagram of the instrumentation is shown

on Figure 18. The function generator signal was used as the valve input

signal in the frequency response tests because: 1) the E-Systems electronic

drive unit employed PWM; and 2) the response characteristics of the EDU would

have a negligible effect on test results. The feedback and loop gains were

optimizeo by observing actuator performance with step inputs and using

settings that produced slight ringing with operation at 8000 psi. These

selected gain values were maintained during all tests. A block diagram

showing gain values is shown on Figure 19.

The step input tests were conducted using an actuator output of 0.100 in. p-p

at 1 Hz. The frequency response test was performed using an input that

produced an output of O.10 in. p-p at 0.4 Hz and maintaining this input

constant over the frequency sweep range. The step input and frequency

response tests were conducted with and without the mass load on the actuator.

Pressure Level Switching. The effect of switching operating pressure level on

actuator piston position was determined with the piston both motionless and

moving during the pressure level switchover. A block diagram of the

instrumentation is shown or Figure 20. All tests were conducted with the

actuator piston attached to the load mass. Piston motion was sinusoidal with

0.250 in. peak-to-peak travel at 1 Hz. Data were acquired with the pressure

level switchover made at 00 and at 900 during the sinusoidal motion

tests. Loop gain values were the same as those used for the dynamic response

tests (see Figure 19).
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TEST ACTUATORInuSial YTE

AMPLFIERGENERATOR

Figure 18. Schematic diagram of dynamic response test instrumentation
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Energy Consumption Tests. A schematic diagram and photograph of the

instrumentation are shown on Figures 21 and 22, respectively. The heat

rejection of the pump, servo actuator, and system were determined while the

actuator was operated sinusoidally over a frequency range of 1 to 4 Hz. The

data were taken at the point of maximum power consumption, i.e., at the 450

point on the output wave form.1 This was done by using the "clock" input on

the analyzer, and applying a sinusoidal signal to this input that was 450

out-of-phase with the actuator output. The clocking signal triggered the

analyzer to take data at each zero crossing having a positive slope (clocking

signal). The time duration of the sweep from 1 Hz to 4 Hz was limited by the

piston travel in the flow cylinder and was approximately 25 seconds. The

input amplitude was held constant over the frequency sweep range, and was a

value that produced an actuator output of 0.100 in. p-p at 0.4 Hz. Testing

was conducted with and without the mass load on the actuator. The pump,

actuator, and system heat rejections were calculated by the data analyzer

using the parameters and equations given in Table 7. Pump speed was 5400

rpm. It should be noted that pump S/N 422717 was used for these tests.

(Pumps S/N 34b580 and S/N 346581 had not yet been received, see Section

1.1.2.3.)

Flow and pressure in the actuator were sinusoidal in form and 900
out-of-phase. Power consumed by the actuator is: Power =
(A P - sin e. Q •cos 9) + 1714, where AP = PCl - PC2 in psid and
Q - flow in gpm. Maximum power occurs when 8 = 450 and is:
Power = 0.5 -Ap • Q + 1714. Maximum actuator efficiency also occurs
when 6 450 .
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TABLE 7. Actuator test parameters and equations

TEST PARAMETERS

CHANNEL CALIBRATION
NO. SYMBOL DESCRIPTION FACTOR

1 T Pump input torque -400 lb-in/v
2 N Pump speed 5000 rpm/v
3 F Actuator frequency 13.93 Hz/v
4 P Pump discharge pressure 1784 psi/v
5 PCi Actuator cylinder pressure 1474 psi/v
6 PC2 Actuator cylinder pressure 1456 psi/v
7 Q Return flow 2.366 gpm/v

TEST EQUATIONS

HR1  (HP, - HP2) K4

HR2  (HP2 - HP3) • K4

HR3 = (HP1 - HP3 ) • K4

where, HR1 = Pump heat rejection, BTU/min

HR2 = Actuator heat rejection, BTU/min

HR3 = Overall heat rejection, BTU/min

HP = Input power to pump, hp

HP2 = Power delivered by pump, hp

HP3 = Power delivered by actuator, hp

K4 = 42.4 BTU/min/hp

now, HP1 = K 1 * T • N

HP2 = K2 • (P-90) ' Q

HP3 = K 3 • IPC1-PC21. Q

where, K1 = 1/63030

K2 = 0.96/1714

K3 = 0.98/1714
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1.2.2.2 Results

Dynamic Response Tests. Performance plots made during the step input and

frequency response tests are presented in Appendix C. Examples of the data

are shown on Figures 23 and 24. A summary of this data is given in Table 8.

Actuator performance was degraded by valve overlap. Using zero lap data as a

baseline, 0.002 in. of valve overlap resulted in the following performance

decreases:

Actuator Pressure Step Frequency Response

Load Level, psi Response (at -3 db point)

none 4000 -4% -24%

none 8000 -34% -21%

mass 4000 -12% -26%

mass 8000 -22% -42%

A valve failure occurred during the operational checkout tests. The Bendix

T-slot valve was selected for testing first and was being operated with 4000

psi applied. A preliminary frequency sweep from 0.4 Hz was in progress when

the motor end cover came off as the 15 Hz level was approached. The end cover

is exposed to return pressure and at the time of failure was being subjected

to a fluctuating pressure near 400 psi. Examination disclosed no failed

parts. The motor housing has a groove in which a circular cross-section ring

(2-3/8 in. dia.) is used to retain the motor end cover. This groove was

observed to have a sloped outer edge. The retainer ring apparently slid up

this slope due to approximately 1000 pounds of force imposed on the end cover

by the return pressure. The supplier was notified of the failure. The Bendix

valves and electronics were then returned for investigation of the problem.

Because of program scheduling constraints, a decision was made to proceed with

the planned tests using the E-Systems valves.
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STEP RESPONSE

.1 E-Systems P/N 183300-100
Valve Overlap: zero

CL

C

0.

4.)

1. Supply Pressure: 900a s

EL 3. A t'; Loe:nn
4. Fluid: ? IL-H-"83282
5. Fluid Temp.: +120 Dog F

10.0 1.0 2. 0

Time, sec

.16 E-Systems P/N 183300-100
Valve Overlap: zero

C

E

C

0.

o4-)
0I Supply Pressure: 400 psl

2. Mod. closed loop operation
(L 3. Rct'r Ljad: none

4. Fluid: PIIL-+i-83282
5. Fluid Temp.: +120 Dog F

.0o 1.0 * 2.0

Time, sec

Figure 23. Actuator step response data, E-Systems zero lap valve
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FREQUENCY RESPONSE

- - E-Systems P/N 183300-100
A Valve Overlap: 0.002 in.

E6

1: -l .T e su s 600 -a 
M . _ _

S: uly Presure:92908ps
Ic' Tad: XepOeain~

a.uid Tm.3 +120 Dlog F E1 L

101 181
Frequency, Hz

I - - E-Systemls P/N 16330-18-
Valve Overlap: 0.002 in.

M
4,

+P

-0

C
I. SupplIy Pressure: 4000 pai
2.d: l e Iaa o1:d6;pE:,tfon 1.5
3. Act'r Lod 6.94 lb-c2.'l -

4. Output: 9.13 In. p-p 0 .4 Hii
SFluid: IL-I-82322
H. ld Temp.: +120 Deg V 0

requency. Hz

Figure 24. Actuator frequency response data, E-Systems overlapped valve
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TABLE 8. Servo actuator dynamic performance, mass load

STEP RESPONSE FREQUENCY RESPONSE

TRANSIT -3 db POINT
VALVE OVERLAP ACT'R LOAD PRESSURE TIME. SEC FREQUENCY, Hz PHASE ANGLE, DEG

E-Systems Zero None 4000 .086 9.0 -80
8000 .062 11.3 -93

Mass 4000 .076 10.4 -86
8000 .059 17.0 -112

.002 None 4000 .089 6.8 -75
8000 .083 8.9 -82

mess 4000 .085 7.7 -B2
8000 .072 9.8 -88
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Pressure Level Switching Tests. Plots of the pressure level switching tests

are presented in Appendix C; a plot example is given on Figure 25 A listing

of the data is given in Table 9. The results are summarized below:

Pressure Level Switch

4000 to 8000 to
8000 psi 4000 psi

Valve operating time, sec 0.092 0.052
(average) (on to off) (off to on)

Pressure level switching
time, sec (average)

3400 rpm pump speed 0.139 0.205

5900 rpm pump speed 0.07U 0.148

Pressure over/under shoot, psi

(average)

3400 rpm pump speed 410 (over) 290 (under)

5900 rpm pump speed 680 (over) 280 (under)

Significant findings were:

o Actuator position disturbance was not detectable when the piston was

moving and was 0.001 to 0.002 in. when the piston was stationary.

o Pressure transients that occurred during pressure level switching

were well under the acceptable limit of 1600 psi (maximum).

o The time required for pressure level switchover depended upon pump

speed. The average total times were: (valve + pump operating times)

Pump 4000 to 8000 psi 8000 to 4000 psi

Speed, rpm time, sec time, sec

3400 0.232 0.259

590U 0.160 0.199
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PRESSURE LEVEL SWITCHING

Ion Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

IPUmpI Speed:t5900 rpm

3.SLtcln H. B

4.Flild Tern +2:0 dm9 F

E

In Switching Valve 'DcutoN'spaeli~~

Switching Valve 'OFF'

Time, sec

Ion~- Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

AAP I.Pump .Speed:t3490 rpm
CL ~3.Switchlng 9!: 90 Dog

L 4,

E

Time, sec

Figure 25. Actuator pressure level switching data, E-Systemis zero lap valve.
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o Valve lap was not a significant factor in pressure level switchover

time.

o The zero lap valve produced an excellent sine wave motion of the

actuator piston; the overlapped valve produced a slightly distorted

wave form.

Energy Consumption Tests. Heat rejection plots of the pump, actuator, and

system are presented in Appendix C. An actuator plot is shown on Figure 26.

A summary of this data is given in Table 10. Significant findings were:

o Actuator load had a negligible effect on system (total) heat

rejection.

o Energy losses at 4000 psi were approximately 53% of the losses that

occurred at 8000 psi.

o Pump heat rejection accounted for 85 to 90% of the total losses.

o Valve overlap reduced actuator losses from 15% (zero overlap) of

total system losses to 10% (.002 in. overlap).

o System energy losses were approximately constant over the actuator

frequency range of I to 3 Hz. Energy consumption began to increase

above 3 Hz.
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RCTURTOR ENERGY CONSUMPTION

IN- Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

C
2: Suply Prat,34e See psi

E 2 Ac'r Load, 6.94 to-oin

3. Piston Motion:

4. Flui:'MTL'--Uj2U20 .4M
5. Fluid Tamp.i + 00 b eg FC

0

4J'

U

fee

Frequency, Hz

m Vickers Pump: S/N MX-4227 7
E-Sy. Valve: 0.002 n. overlap

1: SutelylPressurs: 4000ps

ca'rLod; 6.94 lb-sec^!Vin
3. Piston Motion:

I~l BSA ID in. g- g 0 .4 Hz
4. Fluid MIL-H-e Bl -S . F l u i d T s m .: + 2 20 0 2 0 9 F

Frequency, Hz

Figure 26. Actuato~r energy consumption data, E-Systems overlapped valve
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TABLE 10. Energy consumption data, mass load

*HEAT REJECTION, BTU/min

E-SYSTEMS ACTUATOR PRESSURE
VALVE LOAD LEVEL.psi PUMP ACTUATOR SYSTEM

Zero lap none 4000 160 22 185

8000 298 50 350

Zero lap mass 4000 162 22 185

8000 287 56 350

Overlapped none 4000 162 14 175

8000 286 32 325

Overlapped mass 4000 158 16 170

8000 280 38 317

*Heat rejection data are average values over the

frequency range of 1 to 3 Hz. See Appendix C.
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1.2.3 Dual Pressure Pump

1.2.3.1 Procedure. Four different types of tests were conducted: pressure

ripple, transient response, pump performance, and pressure level switching. A

block diagram of the pump test instrumentation is shown on Figure 27. The

pump was mounted on a torque meter attached to a 50 hp varidrive. Controls

and monitors for pump speed, discharge pressure, return flow, and input torque

were located on a console.

Pressure ripple was measured using a piezoelectric transducer teed into the

pressure line at the pump discharge port. The clocking and trigger inputs of

the data analyzer were employed to enable measuring pressure fluctuations that

occurred during one revolution of the input shaft. The pulsations could thus

be correlated to shaft position and individual pump pistons.

Transient response was determined using a strain gage transducer teed into the

-8 size discharge line 10 feet from the pump and immediately upstream of a

3-way solenoid valve. System fluid volume at high pressure was approximately

125 cubic inches. Discharge flow was controlled by two pre-set needle valves;

one valve was set for 0.5 gpm with the solenoid valve "off", the other was set

for 9 gpm with the solenoid valve "on". These flow values were selected based

on the requirement to switch from 5% to 90% to 5% of rated flow, reference 3.

Pump operating characteristics in the flow cut-off range of 7700 to 8200 psi

were determined in the pump performance tests. Overall efficiency, heat

rejection, and discharge pressure were plotted versus discharge flow using the

capabilities of the data analyzer. The equations employed are given in

Table 11. Data were acquired and results calculated based on pre-selected

discharge pressures inserted into the computational program.
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TABLE 11. Pump test parameters and equations

TEST PARAMETERS

CHANNEL CALIBRATION
NO. SYMBOL DESCRIPTION FACTOR

1 P Pump discharge pressure 1784 psi/v
2 Q Return flow 4.368 gpm/v
3 T Pump input torque -400 lb-in/v
4 N Pump speed 5000 rpm/v

TEST EQUATIONS

EFF - HP2

-pI  x 100

HR : (HP1 - HP2) K3

where, EFF = Pump overall efficiency, %
HR = Pump heat rejection, BTU/min
HP1 = Input power to pump, hp
HP2 = Power delivered by pump, hp

K3 = 42.4 BTU/min/hp

now, HP1 = K1  T •N

HP2 = K2  (P -90) • Q

where, K1 = 1/63030

K2 = 0.96/1714
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The dual pressure level pumps were designed to operate with 90 psig suction

pressure. The minimum operating pressure is 45 psig at the pump suction

port. Reservoir-to-pump suction line losses and the suction line quick

disconnect loss must be factored in; the reservoir should therefore be

pressurized to at least 60 psig. The LHS simulator employs bootstrap type

reservoirs which provide 90 pstg suction pressure when system pressure is 8000

psi. The reservoir provides 45 psig suction pressure when 4000 psi is applied

to the bootstrap port. Since this is less than the minimum 60 psig pressure,

pump performance at 4000 psi was conducted using a small auxiliary hydraulic

power unit to supply 8000 psi to the reservoir bootstrap port.

The effects of switching operating pressure level were determined at pump idle

and rated speeds with 0.5 and 5.0 gpm discharge flows. Items of interest were

the duration of the switch and pressure transients that occurred. Two

parameters were plotted versus time: discharge presssure and voltage applied

to the pressure level switching valve. Instrumentation was similar to that

used in the actuator pressure level switching tests, Figure 20.

1.2.3.2 Results.

Pump Pressure Ripple. Plots of pump pressure ripple are shown on Figure 28.

A summary of results is given below:

Pressure Pressure

Level, psi Ripple, psi p-p

4000 140

8000 320

The ripple occurred at a frequency of 885 Hz and the pumping action of each of

the nine pistons was clearly discernable. Ripple magnitude was less than the

design allowables, reference Appendix A.
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PUMP PRESSURE RIPPLE

49'.1 Vickers M/N PV3-047-4
S/N MX-346581

L

1. System Pressure 908 psi

3. Dis'ch.r' FlowI.: a. p
4 . Inlet Presue 98 plN
5 . Inlet Fl iuidTrn: +2-00 d.9 F

-401 6. Fluid MIL-H-93 Z82

Input Shaft Rotations

4W. 1Vickers 11/N PV3-047-4
S/N MX-346581

i ytem Pesure 4010 psi
L upSpe.ed: 098 rpm

3 . Miacharge Flow: 0.5 gpm
4. Inlet Pressure: 90 p sig

6. ~ ~ 4-0 Fli:FL--3

In-put Shaft Rotations

Figure 28. Pump pressure ripple data
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Pump Transient Response. Plots of pump transient response are shown on Figure
29. A summary of results is given below:

Operating Pressure Level

4000 psi 8000 psi

5% flow pressure, psi 4125 8130

90% flow pressure, psi 4040 8040

Pressure overshoot at 5% flow, psi 520 510
Pressure undershoot at 90% flow, psi 520 970

Transient response time .023 .017

at 5% flow, sec

The pressure compensator settings for 4000 psi and 8000 psi were slightly

out-of-tolerance; this was considered to be a minor discrepancy. Pressure

over/under shoot and transient response times were all well within design
requirements, reference Appendix A.

Pump Performance. Plots of pump performance are shown on Figure 30. A

summary of results is given below:

Operating Pressure Level
4000 psi 8000 psi

Overall efficiency at rated flow, % 83 87

Heat rejection at full cut-off, BTU/min 187 385

Pressure droop, psi/gpm 2 5

Pump performance was considered to be satisfactory except for heat rejection

at 8000 psi which was higher than the design goal of 330 BTU/min.

Pressure Level Switching. Plots of pressure level switching are presented in
Appendix 0. A summary of results is given in Table 12. Pressure level

switching time was dependent upon pump speed and flow demand. The design goal

of 0.100 sec maximum was met at rated speed for the switch from 4000 to 8000

psi which is the most important operating situation. Pressure transients were

well within design allowables. It should be noted that the observed transients
do not reflect the effect of change in pump suction pressure which would occur

if a non-isolated bootstrap reservoir were used (see Section 1.2.3.1).
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PUMP TRANSIENT RESPONSE

VICKERS M/N PV3-047-4
S/N MX-346581

L

L

1Pressure Settina: 6988 psi

loVw: .5 to 9 Re8. PM
4. Inlet Fluid Temp.: +20S dog F
5. Flu Id: MIL-+4-63262

Time, sec

seem Vickers M/N PV3-047-4

-1 S/N MX-346581

CL 5

V.
(L

0
6)

2Pum Speedj 5 80 rpmn
3Flow: ,. to 'a to.5 qpn

4. Inleat Flu d TeMP.1 +2ed dogS. Fluid: M.IL41-63292 }
Time, sec

Figure 29. Pump transient response data
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PUMP PERFORMANCE

1 1201Vickers M/N PV3-047-4

- 40

Discharge Pressure

CI
0 L

Mesat Rejection 0

M Overall Efficiency

L IV

0 . Press. Setting: 8000 psi 0

2. pee::5900 rpm
3. nePressure: 98 ps!g
4. Case Pressure: 125 psiga
S. Inlet Fluid Tamp: +200 dug F
6. Fluid: MIL-H-8326

, - 1

Discharge Flow, gpm

16 4MVickers M/N PV3-047-4 -

CL

U erI Efficienc y C

- 0)
44-

L

> U _ _ _ _ _01 _

o Pressure Setting: 4000 psi!
2.Sed: 5909 rpm~:~n:Pr:surs: 90Ii

5: lpFluidrTeml: 19dog F
6: !?Ild MIL-H-93 82

Discharge Flow, gpm

Figure 30. Pump performance data
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1.2.4 LHS Simulator

1.2.4.1 Procedure. Five different types of tests were conducted: dynamic

response, pressure level switching (actuator tests and system tests), pressure

ripple, spectrum analysis, and energy consumption. Each test employed

different instrumentation and methods of acquiring the data. A schematic

diagram of the LHS simulator hydraulic systems is presented as Figure 31.

The test servo actuator was mounted in a fixture designed to simulate the

kinematics and load of the unit horizontal tail (UHT) installation in the A-7E

aircraft, Figure 32 (see reference 1). The UHT actuator load/stroke curve is

shown on Figure 33. The actuator was plumbed into FC-I hydraulic system.

FC-l system was used for all tests; FC-2 system was operated only during the

pressure level switching, pressure ripple, and spectrum analysis tests. The

dual pressure pump installation is shown on Figure 34.

Dynamic Response Tests. The instrumentation and procedure were similar to

those used for the tests conducted on the mass load fixture and described in

Section 1.2.2.1. Loop gains were also the same as those used previously and

are shown on Figure 19. The step input tests were conducted with a 5000 and

10,000 lb tension load on the servo actuator for 4000 and 8000 psi operation,

respectively. The frequency response tests were performed with a 5000 lb

tension load on the actuator for both 4000 and 8000 psi operation.

Pressure Level Switching (Actuator Tests). The instrumentation and procedure

were similar to those used for the tests conducted on the mass load fixture

and described in Section 1.2.2.1. A 5000 lb tension load was imposed on the

actuator during the pressure level switching. This load is approximately 20%

of the maximum actuator output (at 8000 psi) and occurs when the piston is

retracted 0.62 in. from neutral, see Figure 33. Data were collected with the

actuator motionless ano with the piston moving sinusoidally. Pressure level

switching was performed at two locations on the output sine wave -- 00 and

900
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Figure 32. Test actuator in LH UHT load module

WORKING STROKE: 5.72 IN.

30,000 2650 TOTAL STROKE: 6.58 IN.

25,000 LOAD CYLINDER PRESSURE: 2105 PSI

20,000

15,000 OPERATING POINT

10,000 J KNEL'RAL
z

5,000

-- RE\TRACT ETN

0

4 3 2 1 0 1 '2

5,000 zo
4 STROKE, IN.

10,000

Q \13, 900
15,000

Figure 33. UHT actuator load/stroke curve
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Figure 34. FC-1 and FC-2 system dual pressure pumps
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Pressure Level Switching (System Tests). FC-l and FC-2 hydraulic systems were
run concurrently during the pressure level switching tests. The primary

flight control actuators on the simulator were operated in a manner similar to

that employed during mission/profile endurance cycling (see reference 1).
Actuator load/stroke cycling modes used were 2%, 10%, and 50%. Although the

same cycling mode was used for the pitch, roll, and yaw axes during a given

test, cycling was independent and not in phase. Operation of the LH UHT

actuator was different from the other actuators during the 50% mode tests; the

unit was intentionally operated near flow saturation. Actuator cycling was

sinusoidal in form and at 3, 1, and 0.5 Hz for the 2%, 10%, and 50% operating

modes, respectively. The LH UHT actuator (alone) was cycled at 1 Hz during

the 50% mode. Pressure level switching was performed at the 900 point on

the output sine wave of the LH UHT actuator (actuator load was approximately

5000 lb tension at this point in time).

Four parameters were recorded during the pressure level switching tests:

1. Voltage to the pressure level switching valves mounted on

the pumps.
2. LH UHT actuator piston position.

3. & 4. System pressure immediately downstream of the pressure
line filters in FC-I and FC-2 systems (see Figure 31).

Data were collected for the following conditions:

Actuator

Test St Cycling Mode Pressure Level Switching

1,2,3 FC-l & FC-2 2%, 10%, 50% 8000 to 4000 to 8000 psi

r FC-1 8000 to 4000 to 8000 psi

4,5,6 2%, 10%, 50%

FC-2 not switched, 8000 psi

maintained

Pump speed was 5900 rpm and pump inlet fluid temperature was +200°F.
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Pressure Ripple. Pump pressure ripple was measured in FC-l and FC-2 systems

using a piezoelectric transducer teed into the pressure line at the pump

discharge port. The clocking and trigger inputs of the data analyzer were

employed to enable measuring pressure fluctuations that occurred during one

revolution of the pump input shaft (see Figure 27). All flight control

actuators in the simulator were motionless and at their null position during

the pressure ripple measurements. Pump speed was 5900 rpm and pump inlet

fluid temperature was +200 0 F. Pump suction pressure was maintained at 90

psig for operation at 8000 psi and 4000 psi. A small auxiliary hydraulic

power supply was used to apply 8000 psi to the bootstrap port on the FC-I

reservoir when the 4000 psi pressure level tests were conducted. The

emergency reservoir pressurization circuit provided in FC-2 system (see

Figure 31) maintainea 8000 psi on the FC-2 reservoir bootstrap port when

system operating pressure was 4000 psi.

Spectrum Analysis. The frequency and amplitude components of the pressure

fluctuations in the pump discharge lines were determined using the FFT (Fast

Fourier Transform) capability of the data analysis system. A piezoelectric

transducer teed into the pressure line 1.25 inches from the pump discharge

port was used to provide the pressure signal. This location was selected as

likely to provide high amplitude components. Standing waves downstream could

possibly produce higher amplitude components, but time did not permit

searching for anti-nodes (their location and amplitude vary with pump speed).

The data provided by the analyzer are RIS values or 0.707 of the peak value.

The test was conducted by collecting FFT data while performing pump speed

scans. Ten scans were made between 3400 and 4400 rpm, and between 4900 and

5900 rpm. This data was presented in map form (3-dimensional cascade

display). The scan judged to have the highest amplitude components on the map

was then selected for detail analysis which was presented on a 2-dimensional

frequency domain plot. All flight control actuators in the simulator were

motionless ana at their null position during the scans. Data were obtained

for FC-1 and FC-2 systems operating at 4000 and 8000 psi.
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Energy Consumption Tests. The instrumentation and procedure were similar to

those used for the tests conducted with the mass load and described in Section

1.2.2.1. Two flows were planned to be used in the data analysis calculations:

LH UHT actuator return flow (measured by a positive displacement flow

cylinder) and FC-1 system return flow (measured by a turbine meter). The flow

cylinder has a velocity transducer that produces a DC voltage proportional to

flow. A frequency-to-DC converter was used with the turbine meter to provide

a DC voltage proportional to flow. Unfortunately, the slight phase lag that
is inherent in all frequency-to-DC converters was sufficient that the data

collected from the turbine flowmeter was not valid. The procedure for

acquiring the data and performing the energy consumption calculations was

therefore modified.

The energy consumption tests were conducted with the LH UHT actuator operating

over a frequency range of 1 to 4 Hz while all other actuators in FC-1 system

were stationary at null. The total leakage through the control valves on the

simulator actuators plus the combined leakage of other system components such

as solenoid valves, check valves, and relief valve were essentially constant

during a test run. This tare leakage was measured with system pressures of

4000 psi and 8000 psi and a pump inlet fluid temperature of +2000F. These

power losses were then inserted as constants into the energy consumption

calculations. Since this total leakage was less than 0.3 gpm at 8000 psi, it

had negligible effect on pump heat rejection, no affect on actuator heat

rejection, and permitted the test to be conducted without using a system

return flow meter. All tests were conducted with a pump speed of 5400 rpm.
(This speed was used in the energy consumption tests performed with the mass

load, see Section 1.2.2).

1.2.4.2 Results.

Dynamic Response Tests. Performance plots made in the step input and

frequency response tests are presented in Appendix E. A summary of this data

is given in Table 13. Actuator performance was degraded by valve overlap.

Using zero lap data as a baseline, 0.002 in. of valve overlap resulted in the

following decreases:
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TABLE 13. Servo actuator dynamic performance, force load

STEP RESPONSE FREQUENCY RESPONSE

ACT'R PRESSURE, TRANSIT -3 db POINT
VALVE OVERLAP LOAD.LB PSIG TIMESEC FREQUENCY, Hz PHASE ANGLE, DEG

E-Systems Zero 5000 4000 .078 5.3 -68

10000 8000 .055 7.6 -77

.002 5000 4000 .079 3.3 -63

10000 8000 J .064 4.4 -68
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Actuator Pressure Step Response Frequency Response

Load Level, psi Time (at -3 db point)

5000 4000 -1% -38%

10,000 8000 -16% -42%

Pressure Level Switching (Actuator Tests). Plots of the pressure level

switching tests are presented in Appendix E and sample data is shown on Figure
35. A listing of pertinent data is given in Table 14. The results are

summarized below:

Pressure Level Switch

(Actuator piston moving)

4000 to 8000 to

8000 psi 4000 psi

Valve operating time, sec .107 .053

(average)

Pressure level switching

time, sec. (average)
3400 rpm pump speed .118 .464

590U rpm pump speed .075 .471

Pressure over/under shoot, psi

(average)
3400 rpm pump speed 440 (over) 102 (under)

5900 rpm pump speed 752 (over) 88 (under)
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PRESSURE LEVEL SWITCHING

Wm Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

go Linn tu tor Motion:
0 250 in. 6 z

.Flu d TernE: +200 dog-F
5.:F uld MILH-63262

L
L4M

E

>, 20--
U) Sitchng Vlve ON'Actuator Displacement

Switching Valve 'OFF'

Time, sec

,a - Vikr Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

________ _ I 1.PupaSpeed: 3400 rpm

2.cu to r Motion:
0 250 1 pt:@Hz

.Fluid Torn: +200 deg F

.F uid: MI -H-83282e

L

Switching Valve ON. Atao DIscmn

-Switching Valv 0F

Time, sec

Figure 35. Pressure level switching data (actuator test), E-Systems overlapped valve
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Significant findings were:

o With a 5000 lb tension load applied (20% of maximum output at 8000

psi), actuator position disturbance was not detectable when the

piston was moving and was less than 0.005 in. when the

piston was stationary.

o Pressure transients that occurred during pressure level

switching were well under the acceptable limit of

1600 psi (maximum).

0 The 8000 to 4000 psi switch-over time was significantly higher

when: 1) the actuator piston was stationary; and 2) valve

overlap was used.

0 The average total times were: (valve + pump operating times,

actuator piston moving)

Pump 4000 to 8000 psi 8000 to 4000 psi

Speed, rpm time, sec time, sec

3400 0.226 0.517

590U 0.182 0.525

o The zero lap valve produced an excellent sine wave motion of

the actuator piston; the overlapped valve produced a slightly

distorted wave form.

Pressure Level Switching (System Tests). Plots of the pressure level

switching tests are presented in Appendix E and sample data is shown on Figure

36. A listing of pertinent data is given in Table 15. The total time to

switch from 4000 psi to 8000 psi was fairly constant and averaged 0.173 sec.
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PRESSURE LEVEL SWITCHING

IBMFC- 1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

C-
FC-2 System Pressure

.:Pump Sg. 5900 rpm
0 2.Pet , re..on: FC-1 System Pressure

(1 0% Lo. 8. Stroke-

L .F u Id MIL-H-832 2 Actuator Displacement

E

r wthn IVle'F' Switchi Ing Valve 'N _____

Time, sec

I 0M FC-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

a- h FC- I System Pressure

C1 0*1 Load S. Str oke
.3.-luld MI _H+20 FActuator Displacement

4-,

Switching Valve 'F' Switching Valve 'ON' ______ ______

Time, sec

Figure 36. Pressure level switching data (system test), E-Systems zero lap valve
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The total time to switch from 8000 psi to 4000 psi depended upon flow demand

and system internal leakage; elapsed time ra'qed from 0.109 sec to 1.102

sec. FC-l system had higher leakage than FC-2 due to the yaw AFCS actuator in

FC-l. A check valve installed in the pressure line at the RH UHT actuator

also contributed to the pressure bleed down time because 8000 psi pressure was

trapped in the actuator and could drop to 4000 psi only by throttling or

leaking through the actuator control valve. (The check valve was removed from

the LH UHT actuator pressure line to facilitate conducting the energy

consumption tests.)

Pressure transients resulting from switching FC-l and FC-2 from 8000 psi to

400U psi to 8000 psi were minor and well within acceptable limits. No

problems occurred when FC-l pressure level was switched to 4000 psi while FC-2

was helo at 8000 psi. Overall, the results of the system pressure level

switching tests were excellent.

The effects of overloading the E-Systems valve were examined during the

pressure level switching tests and can be seen on the plots for the 50% mode

presented in Appendix E. Operation at 8000 psi was near flow saturation as

evidenced by slight distortion in the actuator piston output wave form. At

4000 psi, the actuator output wave form was severely distorted and decreased

in amplitude. This was considered to be typical performance degradation for

the given operating conditions.

Pressure Ripple. Time history plots of FC-l and FC-2 pressure ripple near the

pumps are shown in Appendix E and an example is presented on Figure 37. A

summary of results is given below:

Pressure Pressure

System Level, psi Ripple, psi p-p

FC-I 4000 124
8000 155

FC-2 4000 191
8000 249

Ripple magnitude was well under the design allowables at both 4000 psi and
8000 psi operating levels.
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Spectrum Analysis. Two types of spectrum analysis plots are presented in

Appendix E: 1) 3-dimensional pump speed scan map; and 2) 2-dimensional

detail examination of the map scan containing the highest magnitude

components. An example of this data is shown on Figure 38. The test results

are summarized in Table 16. The pressure component at the fundamental

frequency (Hz = rpm x 9) was generally the largest, and all were under

60

65 psi (RMS peak) or 184 psi p-p. No spurious frequencies were found, and no

harmonics occurred over 5000 Hz. The pressure dynamics resulting from pump

ripple appeared to be well behaved at both the 4000 psi and 8000 psi operating

levels.

Energy Consumption Tests. Heat rejection plots of FC-l pump, LH UHT actuator,

and FC-l system are presented in Appendix E. Sample data is shown on Figure

39. A summary of this data is given in Table 17. Significant findings were:

o Actuator load had a negligible effect on system (total) heat

rejection.

0 Energy losses at 4000 psi averaged 47% of the losses that

occurred at 8000 psi.

o Pump heat rejection accounted for about 80% of the total losses.

o Valve overlap reduced actuator losses approximately 20%.

o System energy losses gradually increased as frequency increased

and reached a maximum between 3 and 4 Hz.
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SPECTRUM RNRLYSIS, FC-2 SYSTEM

Vickers Pump M/N PV3-04?-4
S/N MX-346S80
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E 2000
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a 0 500000 000 40
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2. Pressure Transducer Location:
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3. inlet Fluid Temp: +200 deg F
4. Fl id: MIL-H-83 82

!Be Vickers Pump M/N PV3-047-4
S/N MX-346580

S. yste Pr!sug 8000 psim : Pump Spee: . 5 rpm
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1.2 in. from pumgCL 7 n1et yluld TS mH2_+2 0 deg F
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L
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Figure 38. Spectrum analysis data, FC-2 system
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TABLE 16. Spectrum analysis data

Pressure *Pump Pressure Ripple Components, Psi (RMS Peak)

System Level, psi Speed, rpm Fundamental 1st Harmonic 2nd Harmonic

FC-1 4000 3600 14 16 12

5800 26 22 23

8000 3900 70 38 20

5200 55 60 32

FC-2 4000 3900 33 36 14

5800 38 33 32

8000 3900 62 31 7

5800 36 28 20

*Speed selection based on speed scan map data.

Selected speed produced the highest magnitude pressure

pulsation components
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SYSTEM ENERGY CONSLJMPT.iON
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C

I.-

0

- 48

200

.4
1. Supply Pressure: 8888 psi
2. Act r Load: none

Q) 3 . Pis ton Motion:
I 0.100 in. e- Q3 .4 Hz

4. Fluid: ML-H *382
5. Fluid Temp.: +2080 Deg F

Frequency, Hz

88V-ckers Pump: S/N MX-346581
E-Systems Valve: zero lap

C

E

4-)

U

20

I. SupplIy Presue 4888 psi
2. Act'r Lo.d: none

0)3. Piston motion:
I 0.10a in. -p*84Hz

4Flu'd: MTL-H-8i21 2 e 0.
5.Flid Temp.: +205 DugF

Frequency, Hz

Figure 39. System energy consumption, E-Systems zero lap valve
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TABLE 17. Energy consumption data, LHS simulator

E-SYSTEMS J ACTUATOR PRESSURE *HEAT REJECTION, BTU/min
VALVE LOAD LEVEL, psi PUMP ACTUATOR SYSTEM 1

Zero lap none 4000 192 37 280

8000 414 91 555

Zero lap 5000 lb 4000 194 25 240

8000 425 74 548

Overlapped none 4000 204 30 255

8000 410 71 530

Overlapped 5000 lb 4000 198 21 242

8000 429 58 533

*Heat rejection at 2 Hz. See Appendix E.
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1.3 DEMONSTRATION PHASE SUMMARY

1.3.1 Control Valves

Evaluation of the Bendix valves was stopped when a failure occurred during

dynamic testing. The failure was the result of design and was not caused by a

technological problem or related to the DDV concept. Performance of the
E-Systems valves was excellent during all the hardware demonstration tests.

The zero lap and 0.002 in. overlap valves provided test data that clearly

showed the effects of overlap on valve performance.

Operating pressure level had the following general effects on valve

performance: (8000 psi data used as the basis for comparison)

Performance
at 4000 Dsi

Flow Gain

Zero lap valve 0.66

Overlapped valve 0.68

Pressure Gain

Zero lap valve 0.64

Overlapped valve 0.51

Internal Leakage

Zero lap valve 0.74

Overlapped valve 0.34

Valve overlap had the following general effects on performance: (zero lap

data used as the basis of comparison)
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Performance

with 0.002 in. overlap

Flow Gain

4000 psi 1.00
8000 psi .99

Pressure Gain

4000 psi .22

8000 psi .27

Internal Leakage

4000 psi .08

8000 psi .17

As expectea, pressure gain and internal leakage were affected by overlap. The

reduction in internal leakage due to overlap agreed well with estimates made

in Section 2.4.5 of Volume I.

1.3.2 Servo Actuator

Valve overlap had little effect on actuator response to step inputs. Actuator

frequency response was affected by operating pressure level and overlap. The

break frequency (-3 db point) that occurred with operation at 8000 psi was

about 25% lower at 4000 psi. Fortunately, the response requirements for

operation at 4000 psi are lower than the requirements for 8000 psi. Valve

overlap (0.002 in.) decreased the break frequency an average of 28%. Methods

to compensate for this reduction are discussed in Section 2.4.5 of Volume I.

The break frequency that occurred when the actuator was force loaded was less

than one-half of the break frequency when the actuator was mass loaded. Mass

loading was relatively small during the force load test. (This would tend to

increase the break frequency.) The principal cause for the difference was

believed to be due to the high spring rate of the mass load fixture structure

compared to the relatively low spring rate of th load fixture structure in

the LHS simulator. I
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The pressure level switching tests produced excellent results:

o Actuator piston position disturbances were negligible

o Pressure transients were minor.

o The time required for the 4000 psi to 8000 psi switch-over

was somewhat higher than desired but considered acceptable.

(The 8000 psi to 4000 psi switch-over time is not critical.)

The energy consumption tests conducted on the pump/servo actuator system

disclosed that pump heat rejection accounted for 85 to 90% of the total

losses. Valve overlap reduced actuator losses from 15% (with zero lap) of

total system losses to 10% (with 0.002 in. overlap).

The test system had one control valve. A realistic assessment of the

distribution of energy losses should involve the number of servo valves

employed in a typical flight control system. The test pump, rated for 10 gpm

at 7800 psi, was designed for use in an A-7E aircraft, reference 1. Rated

flow of the E-Systems test valve is 3.5 gpm; this could be considered as an

average size valve on the A-7E. The A-7E has 8 primary flight control dual

system servo actuators. Using this information as the basis for a

hypothetical system, the distribution of energy losses would be:

Percent of Total Losses

Valve System

Lonfiguration Pressure Pump 8 Control Valves

Zero lap 4000 48% 52%

8000 41% 59%

Overlapped 4000 57% 43%

8000 50% 50%
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Pump losses now account for roughly one-half of the total losses. The use of

0.002 in. of overlap reduces valve losses about 18%; this agrees well with

estimates made in Section 2.4.5 of Volume I.

1.3.3 Dual Pressure Pump

The modification to convert the test pump from a single to a dual pressure

level pump was successful. Pump operation at 8000 psi was approximately the

same as that observed during tests in prior programs, reference 1: pressure

ripple, transient response, and performance were within design requirements

except for heat rejection. Operation at 4000 psi was found to be completely

satisfactory. Pressure level switching produced only minor pressure

transients and the time required to switch from 4000 psi to 8000 psi was under

the design goal of 0.100 sec at rated speed (switching valve operating time

not included).

Dual pressure level operation in a system that has a bootstrap reservoir

requires a new design consideration: pump suction pressure will vary with

system operating pressure level. Three options are available to handle this

situation.

1. Design the pump to operate with the suction pressure provided

by the reservoir when system pressure is 4000 psi.

2. Design the reservoir to provide minimum pump suction pressure

when system pressure is 4000 psi.

3. Install a check valve and an accumulator in the line to the

reservoir bootstrap port to trap 8000 psi pressure and provide

adequate pump suction pressure when system pressure is 4000 psi.

A 2-way solenoid would be required to release the trapped 8000 psi

pressure for maintenance purposes.

Options I and 2 would add about one pound to component weight; option 3 would

add about 4 pounds to the system.
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1.3.4 LHS Simulator

Valve overlap had a minor effect on actuator response to step inputs.
Actuator frequency response was affected by operating pressure level and

overlap. The break frequency that occurred with operation at 8000 psi was

about 271 lower at 4000 psi. Valve overlap (0.002 in.) reduced the break

frequency an average of 321. Methods to compensate for this decrease are

discussed in Section 2.4.5 of Volume I.

Pressure level switching tests conducted on the servo actuator and system

produced excellent results. Pressure transients were minor. Switching time

(valve operating time + pressure level switching time) averaged 0.180 sec for

the 4000 psi to 8000 psi switch. This was considered acceptable.

System pressure dynamics were excellent. Operation of the dual pressure pump

did not introduce spurious frequencies or undesirable pressure pulsations.

Energy consumption tests conducted on the LHS simulator showed that losses at

4000 psi averaged 471 of those that occurred when operating at 8000 psi. This

clearly demonstrated the advantage of switching to 4000 psi to conserve energy.
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2.0 HARDWARE DEMONSTRATION PHASE CONCLUSIONS

Successful completion of the laboratory demonstration tests verified that:

o Energy savings achieved through the use of dual pressure

level systems and overlapped servo valves are substantial.

o Hardware can be readily designed and fabricated for use in

4000 psi/8000 psi hydraulic systems.

Although the performance of the test pump was excellent, heat rejection was

higher than desired. Pump heat rejection is an area where basic changes in

pump design could have a significant impact in reducing system energy

consumption. The nybrid pump discussed in Volume I is one approach toward

remedying this condition.

As expected, overlapped valves offer important energy savings but at the price

of impaired actuator performance. This situation can be helped by the use of

an "intelligent" valve amplifier as discussed in Volume I. However, this is

an area that needs additional study and verification testing.

Results of the 8000 psi/40O0 psi pressure level switching tests conducted on

the full scale dual system LHS simulator were excellent. No adverse operating

conditions were found. The possibility of using a pressure level lower than

4000 psi, such as 3000 psi, should be considered for achieving additional

energy savings.
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3.0 RECOMMENDATIONS

The study conducted in Volume I established that the top four candidates for

saving energy in aircraft hydraulic systems were:

Advanced materials

Dual-pressure systems

Pumps

Non-linear valves

Advanced materials provide the most benefits. Two areas in aircraft hydraulic

systems that could provide the )argest savings are transmission lines and

actuators. The application of new titanium alloys and composites to these

areas should be explored further, parts fabricated, and evaluation tests

conducted.

The dual pressure level system was demonstrated to be a simple and effective

method for reducing energy consumption. This concept should be examined to

determine an optimum pressure for the lower operating pressure level, such as

3000 psi or 2000 psi.

Pumps are the major consumer of energy in aircraft hydraulic systems.

Decreasing pump heat rejection can therefore have a significant impact on

energy savings, basic changes in the conventional aircraft pump design are

needed. Innovative concepts such as the hybrid check valve pump should be

pursued further.

overlap in control valves was demonstrated to provide substantial energy

savings -- but at a cost in actuator performance. Methods to alleviate this

impairment have been proposed, but their potential remains to be proven.

Additional study and hardware demonstrations are recommended.
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Tests on flow augmentors were planned to be conducted in this program if an

NAAO-Columbus IR&D study progressed sufficiently. Although good progress was

made, the study was halted because of funding limitations. The application of

flow augmentation to flight control actuators has good potential for

conserving energy and further work in this area is warranted.
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LIST OF ABBREVIATIONS AND SYMBOLS

A/D analog-to-di gi tal
AFCS automatic flight control system

BTU/min. British thermal units per minute
Cl, C2 cylinder port No. 1, cylinder port No. 2
CPU central processing unit

CTFE chl orotri fI uorethyl ene

db decibel

DC direct current

DDV direct drive valve

deg degree (angle or temperature)

dia. diameter

EDU electronic drive unit

F frequency
0OF degrees Fahrenheit

FC-I flight control system No. 1

FC-2 flight control system No. 2

F.S. full scale

gpm gallons per minute

hp horsepower

hr. hour

HR heat rejection

lz Hertz (cycles per second)

in. inch

in3  cubic inches

K kilo (1000)

lb pound

lb-in pound-inches (torque)

LVDT linear variable differential transformer

14/N model number

min. minute (time)
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

MTBF mean-time-between-fail ures

N pump speed

NAAO North American Aircraft Operations

No. number

O.D. outside diameter

P pressure

ap differential pressure

PU, pressure in cylinder port No. 1

PC2 pressure in cylinder port No. 2

p-p peak-to-peak

P/N part number

psi pounds per square inch

psig pounds per square inch gage pressure

Pt. point

PWM pulse width modulation

Q flow

R return

RH right hand

RMS root-mean-square

rpm revolutions per minute

RVDT rotary variable differential transformer

sec second (time)

S/N serial number

sys. system

T torque

V volt

UHT unit horizontal tail
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'I Rockwell International
North American Aircraft Operations

HC284-5054
FSCM NO. 89372 24 November 1986

1.0 PURPOSE

This document defines hardware for use in a laboratory evaluation and

demonstration of energy saving techniques applied to aircraft flow control

valves. This hardware will be utilized in support of the Power Efficient

Hydraulic Systems contract between Rockwell International-NAAO and the Naval

Air Development Center in Warminster, Pennsylvania.

2.0 SCOPE

The objective of the Power Efficient Hydraulic System Program is to reduce

overall hydraulic power requirements In Navy aircraft by lowering system

demands and increasing component efficiencies. Internal leakage In actuator

control valves produce significant power loss and is an area where energy

saving techniques can be applied effectively to reduce overall energy

consumption. One approach used in the subject program to Improve the

operating efficiency of flight control servo valves is the use of valve

overlap and orifice shaping. The test concept is depicted In Figure 1.

One (1) energy efficient direct drive valve assembly with three (3)

Interchangeable spool/sleeves (or spool/sleeve/housing) and one .() valve
drive electronics package (optional) will be procured by this specification

(See Note 2, Page 5). The valve assembly will be mated with an actuator via a

manifold furnished by Rockwell.

Since the servo valve will be used for laboratory testing only, considerable

latitude will be permitted in deviating from the requirements of this

specification, providing the basic goals of the test program can be met with

the proposed design. Cost should be an important consideration in concept and

design selection.

2
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9 Rockwell International
North American Aircraft Operations

FSCM NO. 89372 HC284-5054
24 November 1986

3.0 REQUIREMENTS

The following general requirements are for a direct drive single stage
electrohydraulic flow control servo valve. Requirements specified as TBD (to
be determined) shall be established by the seller and stated in the proposal.

Mechanical

o Envelope TBOD
o Mechanical Interface ARP49O type modified for pressure

o External Null Adjustment Required
o Spool Diameter TBD
o Spool Travel .020 in. (minimum)
o Chip Shear Out Force See Note 1
o Interchangeable Spool/Sleeves 3 Required (See Note 2)

o Sleeve Rigidity
Sleeve rigidity shall be sufficient to prevent
distortion (due to pressure) from affecting valve
performance.

Electrical

o Valve Drive Motor Coil(s)
" Quantity 2, 3, or 4 coils
+ Current .5 to 1.5 Amp/Coil
* Resistance TOD
+ Inductance TD

o Electrical Connector TOD

o Spool Position Transducer
+ Redundancy TOD (compatible with No. of coils)
* Excitation Voltage TBD

+ Excitation Frequency TBD

3
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$i Rockwell International
North American Aircraft Operations

HC284-5054

FSCM NO. 89372 24 November 1986

Hydraulic

o Number of Hydraulic Systems 1

o Operating Pressure 8000 psi

o Proof Pressure See Note 3

o Burst Pressure See Note 4

o Fluid 
MIL-H-83282

o Internal Leakage Figure 2

o Orifice Shape 
Figure 2

o Lap Figure 2

o Temperature Range (Design) -40° to +275°F

o System Fluid Cleanliness 
5 Micron Filtration

Performance

o Rated Conditions
" Valve Pressure Drop 7000 psi

+ Inlet Fluid Temperature +150°F

o Static Performance

+ Rated Flow 3.6 to 5 gpm

+ LinearitY TED

+ Symmetry TED

+ Hysteresis TBD

+ Threshold TD

+ Flow Gain Figure 3

o Null
" Lap Figure 2

+ Null bias 5% (of rated current)

+ Null shift 2% (of rated current)

+ Null Pressure Gain Figure 4

o Frequence Response Figure 5
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Uiq Rockwell International
North American Aircraft Operations C284-5054

FSCM NO. 89372 .24 November 1986

Electronic Unit (Optional)

o Valve Drive Electronics (See Note 5)
An electronic unit to provide actuation loop closure and to operate
the valve drive motor shall be provided. The unit should be capable
of providing closed loop performance for each of the three
spool/sleeve valve designs. A single-channel unit is acceptable.

o Actuation Performance Figure 6
o Actuation Reference Dat4 Figure 7
o Current limiting shall be provided to protect the valve drive motor.

o Preferred supply power 400 Hz 115 vac or 28 VDC

NOTES:

1. The valve drive motor shall be capable of shearing a hard steel
particle (130,000 psi shear ultimate) with a cross sectional area equal

to 67 percent of the largest single valve orifice area with all coils
operating.

2. Where interchangeable sleeves or bodies are not practical, separate
valve assemblies with identical valve drive motors may be provided.

3. Proof pressure values:
Pressure and cylinder ports: 12,000 psi.

Return port: 8000 psi.

In order to utilize available valve drive motor designs and minimize
costs, lower return port proof pressures will be considered.

(Approval required)

5
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Rockwell International
North Amefican Aircraft Operations HC284-5054
FSCM NO. 89372 24 November 1986

4. Burst pressure values:

Pressure and cylinder ports: 16,000 psi
Return port: 12,000 psi

In order to utilize available valve drive motor designs and minimize
costs, lower return burst pressures will be considered. (Approval

Required)

5. Laboratory Breadboard type electronics are acceptable.

6
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Sj Rockwell International
North American Aircraft Operations

HC284-5054
FSCM NO. 89372 24 November 1986

4.0 ACCEPTANCE TESTING

Acceptance tests shall be conducted on each of the three (3) valve

configurations by the seller prior to delivery of the hardware to Rockwell.
Recommended acceptance test procedures to establish baseline performance
characteristics shall be prepared by the seller and approved by Rockwell
The tests shall include as a minimum:

o Proof pressure

o Flow gain
o Pressure gain
o Internal leakage

o Frequency response

7
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@Rockwell International
0DNorth American Aircraft operations

FSCM O. 8372 C284-5054
FSCMNO. 937224 November 1986

DEMONSTRATION HARDWARE

Spoo.l"" vNo. 3 1

Pump

DRIVECTDRV FO

ELECTRONIICS 0 -

LVDT HASS

FIGURE I

8
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@9$h Rockwell International
North American Aircraft Operations

fC284-5054
FSCM NO. 89372 24 November 1986

INTEiiNAL LEAKAGE WAR.L

L G VALVE OVERLAP
VALVE TYPE LINJU£* _

.ZERO LAP ON(MAX) A 0

a HIGH OVERLAP ISO 9 ..00 (HIN)

.C ASHAPE. ; 0 C

*TEMPERATURE EFFECTS TO BE E ASTMATE W i

ORIFICE SHAPES

1-7-

.C ORIFIC
m  

RIFICE

ORIFICE

L 

IORRFICEE

VALVE AVALVESB VALVE C.

(TYPICALVARIATIONS ACCEPTABLE)

-FIGURE 2 VALVE TYPES

9
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I Rockwell International
North American Aircraft OPerations

FSCM NO. 89372 24 November 1986

FLOW

V-SHAPE

HIGH OVERLAP

ZERO OVERLAP

SPOOL DISPLACEMENT

FIGURE 3 TYPICAL FLOW GAIN CMARCTERISTICS

10
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@Rockwell International
North American Aircraft Operations

FSCM O. 8372 C284-5054FSCMNO. 937224 November 1986

NULL PRESSURE GIN (Kr) PSI/IN

MINIMUMM

VALVE. 3000 8000. AP
PSI PSf

2 * 04 x.106

-i IrBa TB30

VALVE A.

VALF~t"VALVE B.

FIGURE 4 TYPICAL PRESSURE GAIN CHARACTRISTICS
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TRockwell International
V North American Aircraft Operations

NC284-5054FSCM NO. 89372 24 November 1986

* NWHPLTUBDE RATIO LIMITS

- S-

iii~ A 'I i3

FIG REQUALE FEQE (CPS) OS

12
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9Rockwell International
North American Aircraft operations

"HC284-5054
FSCH NO. 89372 24 November 1986

0 A~~ntnuoc RATIO LzIXTS-,

2 .. ... 1. 30 40 0
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A~Rockwell International
North Amnerican Aircraft Operations

HC284-5054

FSCI4 NO. 89372 24 November 1986

FIGURE 7

ACTUATION REERENCE DATA

Actu~ator Type 
Bal anced

Piston Diameter 
2.368 in.

Rod Diameter 1.185 in.2

Piston Area 
3.301 in.2

Stroke 
6.58 in.

Design Pressure 8000 psi 2

Load Inertia 
1000 In-lb-sec2

Moment Arm 
12 in.

Load Weight 
2000 lbs.

14
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FOR
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L Rockwell Internatonal
North Anwkan Aircraft Operations NA-86-0081

1.0 SCOPE

This statement of work defines the tasks required to modlfy a variable
displacement 8000 psi hydraulic pump to demonstrate dual pressure level
system operation. The pump to be modified is a Vickers Model PV3-047-2
developed for the Lightweight Hydraulic System Program. The program schedule
is included as Attachment 1 hereto.

This work shall be accomplished by an aircraft hydraulic pump supplier,
hereinafter referred to as the Seller, for Rockwell International
Corporation, hereinafter referred to as the Buyer.

2.0 PROGRAM TASKS

2.1 Design. - The Seller shall design the modification of a Vickers hodel
Number P-047-2 pump to provide the capability for dual pressure operation
at 8000 psi or 4000 psi. The modification will permit hydraulic switching
from the high pressure (8000 psi) to the low pressure (4000 psi) mode of
operation and from the low pressure to the high pressure mode. Control
pressure shall be ported to the pump compensator mechanism using an 8000 psi,
3-port, 2-position, normally closed, pilot operated selenoid valve (Sterer
P/N 15390-1). Loss of electrical power to the valve will revert the pump
output to the high pressure (8000 psi) mode.

Requirements for documenting the modification design are specified on the
SDRL, Attachment 2 hereto.

2.2 Performance Requirements. - The original pump design, in general, meets
the performance requirements of Specification LHS-8810. The modifiea pump
shall meet the requirements of the Specification Sheet, Attachment 3 hereto.

2.3 Fabrication/Modification. - The Seller shall fabricate the hardware to
modify two (2) Vickers Kooel Number PV3-047-2 pumps and perform the
modifications in accordance with the design developed under 2.1.

2.4 Checkout Tests. - The Seller shall conduct inspection and checkout tests
on the modified pumps to verify dual mode pressure operation in accordance
With the Seller-prepared Buyer-approved test procedures (See SDRL, Attachment
2). The tests shall include as a minimum:

a. Examination of Product
b. Pump run-in and dual pressure operation to total two (2) hours.
c. Determine at high and low mode pressure operation:

lj Efficiency
2 Heat Rejection:
(3) Ripple
(4) Switching pressure transients and time.

I

107



NADC-88066-60

I Rockwell Intemational NA-86-0081
Nonh Amerkan Airraft Operations

The Seller shall notify the Buyer at least two (2) weeks prior to the start
of testing so that a Buyer representative may witness the testing, if desired.

2.4.1 Redesign and Retest. - In the event a modified pump should
malfunction, the Seller Shall notify the Buyer for resolution of any problem
prior to proceeding with any design change or retest.
2.5 Buyer Provided Hardware. - The Buyer shall deliver to the Seller at

contract go-ahead, two (2) Vickers Model Number PV3-047-2 Pumps, Serial
Numbers 346581 and 346580, and one (1) Sterer Valve, PIN 15390-1, Serial
Number 2, to be utilized in the performance of the effort herein.

2.6 Delivery. - The Seller shall deliver the modified pumps and valve of
2.5, Tollowing the checkout tests of paragraph 2.4, to the Buyer's facility
not later than seven (7) months after contract go-ahead. The Seller shall
preserve and package the items in accordance with good commercial practice in
a manner that will provide protection from damage during delivery to the
Buyer by common carrier.

2.7 Data and Reviews. - The Seller shall prepare and provide data to the
Buyer in accordance with the attached SDRL, Attachment 2 hereto.

The Seller shall host a program review five (5) months after contract
go-ahead at which time program status will be discussed.

2
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# Rockwell International Attachment (3)
North American Aircraft Operations to NA-86-0081

PERFORMANCE REQUIREMENTS SPECIFICATION SHEET

1. BASIC INFORMATION

Pump Type: Variable delivery, pressure compensated, axial
position

Hydraulic Fluid: MIL-H-83282

Fluid Filtration: 5 micron

Rated Speed: 5900 rpm

Operatin- Speed Range: 3400 to 6000 rpm

Maximum Discharge Pressure: 8000 psi

Rated Discharge Flow: 10 gpm

Rated Operating Temperature: +200°F (Inlet Fluid)

Transient Response Time: 0.050 sec (max)
Suction Pressure: SO psig

2. MODIFIED PUMP PERFORMANCE GOALS

High Pressure Low Pressure
Mode Mode

Full Cut-off Pressure: 8000 + 100 psi 4000 + 150 psi

Maximum Full-flow Pressure: 7850 + 150 psi 3750 + 200 psi
Maximum Pump Ripple (peak to peak): + 200 psi + 250 psi

Operating Efficiency (min): 85% 85%
(full flow)

Heat Rejection (max): 330 BTU/mln 200 BTU/mln
(at 0.5 gpm discharge flow)

Mode Switching Time: 0.100 sec (max)

Mode Switching Pressure: 9600 psi (max)
Transient (1251n3 system)

3. DEVIATIONS

Deviations to these requirements require approval by Rockwell.
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CONTROL VALVE TEST DATA
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Flow gain, Bendix zero lap valve 112

Flow gain, Bendix T-slot valve 113
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Flow gain, E-Systems overlapped valve 115

Pressure gain, Bendix zero lap valve 116

Pressure gain, Bendix T-slot valve 117

Pressure gain, E-Systems zero lap valve 118

Pressure gain, E-Systems overlapped valve 119

Internal leakage, Bendix zero lap valve 120

Internal leakage, Bendix T-slot valve 121
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Frequency response, E-Systems overlapped valve 126
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FLOW GRIN

Bendix P/N 3336730 - _ __

Configuration: Zero Lap

3

I___ 1 Supply Pressure: 8000 psi
-i -2. Va 1vs Load: none

3. Ports: Cl & C2 interconnected
4. Fluid: MIL-H-83282
5. Fluid Temp: +120 Dog F

Spool Displacement, degrees

Bendix P/N 3336730 -

~Configuration: Zero Lap

U o

3
0

-l ___ ____ k a~PLylord: none
3. Ports; Cl L C2 Interconnected
4. Fluid: MIL-I+-83292
5. Fluid Temp: +120 Dog F

Spool Displacement, degrees
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FLOIN GRIN~

Bendix P,'N 3335661-2

Conf igurat ion: T-Slot

-4--
0

1. Supply Pressure: 8000 psi
-2. Valve Load: none
3. Ports: CI & C2 interconnected
4. Fluid: MIL-H-83282
5. Fluid Tamp: +120 Dog F

Spool Displacement, degrees

____ __-Bendix P/N 3335661-2
II C~onfigun at ion: T-S lot

U

3

I 1. SUplPesu: 4600 psi
_____-2. Valvpe Loade: none

3. Ports: CI & CZ interconnected
4. Fluid: MIL-44-83282
5. Fluid Tamp: +120 Dog F

i -2 I 4

Spool Displacement, degrees
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FLOW GRIN

S-Sys tems P/N 183300-100--
Valve Overlap: zero

U

-2i . VleLa : no eee
3. Pots C &C2itrconnec ted
4.o Fl i:FL- -3

Spo Displacement, 0

0E-Sstems P/N 183300-

Valve Overla:zr

I. Supy Pressure: 4000 psi
-l -2. Valve Load: nome

3. Ports: CI & C2 interconnected

4. Fluid: MIL-H-83282

S. Fluid Temp: +120 Dog F

-4------- . Vsssve o s none

Spool Displacement, 0.001 in.

114
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FLON GRIN

I E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

UI

L-

I. Supply Pressure: 8000 psi
-2. Valve Load: none
3. Ports: C1 & C2 interconnected
4. Fluid: MIL-H-83282
5. Fluid Tamp: +120 Dog F

Spool Displacement, 0.001 in.

I E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

U I

Q/)

1. Supply Pressure: 4000 psi
-2. Velve Load: none
3. Ports: C1 L C2 interconnected
4. Fluid: MIL-H-83282
5. Fluid Tamp: +120 Dog F

Spool Displacement, 0.001 in.
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PRESSURE GAIN

low Bendix P/N 3336730
Configuration: Zero Lap

I~ 5upyPesr: 60 s

Is- Bedi P/N 3336730 _ __

1. Supply Pressure: 900 psi
2. Ports: Cl1 &C2 blocked
3. Fluid: MIL4--3282
4. Fluid Tamp: +120 Dog F

Spool Displacement, degrees

Bendx PN 33673
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PRESSURE GRIN

ism Bendix P/N 3335661-2
Configur-at ion: T-Sl ot

U

1. Supply Pressure: 8000 psi
2. Ports: C1 & C2 blocked
3. Fluid: MIL-H-83282
4. Fluid Tamp: +120 Beg F

Spool Displacement, degrees

Bendix P/N 3335661-2
Configuration: T-Slotl

0

U
5M

1. Supply Pressure: 4000 psi
2. Parts: C1 & C2 blocked
3. Fluid: MIL-H-83282
4. Flufd Tamp: +120 Dog F

Spool Displacement, degrees
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PRESSURE GAIN

E-Systems P/N 183300-100
Valve Overlap: zero

C)

___________ I. Supply Pressure: 3S9W psf
2. p Prt C1 & C2 blocked
3. Fluidg MIL-1"-3292
4. Fluid Tempt +120 Dog F

Spool Displacement, 0.001 in.

I E-Systems P/N 183300-100
Valve Overlap: zero

a.

Iu Supply Prssre 4M pa

4. Sluidl Tepsu 919 al

Spool Displacement, 0.001 in.
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PRESSURE GAIN

ESystems P/N 183360-100-
yale Overl ap: 0.002 in.

Ct2

a.

U

1 SutlyPressure: 3388 pal
2. Par. I C1 CE blocked
3. Fluid: MIIL H 62132
4. Fluid Tempt +120 Dog F

Spool Displacement, 0.001 in.

-E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

-o

0.

1. Supt;T Pressure: 4666 psi
2. Par C1 C& C2 blocked
3. Flufd: IIIL-4t-93202
4. Fluid Tempt +123 DeS.F

Spool Displacement, 0.001 in.
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INTERNAL LEAKAGE

.1 Bendix P/N 3336730
Configuration: Zero Lap

1. Supply Pressure: 8000 psi

2.Pr3 :C Fluid: MIL-l+-83282

4Fluid Tamp: +120 Deg F
M

C

.64

Spool Displacement, degrees

.1 Bendix P/N 3336?30
Configuration: Zero Lap

Ji.
W I. Supply Pressure: 4000 psi

2. Ports: C1 L C2 blocked
3. Fluid: MIL-H-83282
4. Fluid Tamp: +120 Deg F

C

0,

Spool Displacement, degrees
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INTERNAL LEAKAGE

1. - Bendix P/N 3335661-2

Conf igurat ion: T-S1 ot

U I1. Supply Preisure: 9000 psi
2. Ports: Cl & C2 blocked
3. Fluid: MIL-H-83282
4. Fluid Tamp: +120 DogF

C

10

cu

Spool Displacement, degrees

I. Bendix P/N 3335661-2
Configuration: T-Slot

I. Supply Pressure: 4000 psi

CF)

irS

-j o

Spool Displacement, degrees
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INTERNRL LEAKAGE

u-Sytems P/N 183300-100ESValive Overlap: zero

.61- _ _ _ __ _ _ _ _ _ _ _w 1. Supply Pressure: 6000 psi
2. Ports: Cl &. C2 blocked
3. Fluid: MIL-H-83282
4. Fluid Tamp: +120 Deg F

C
- .4 _ _ _

Spool Displacement, 0.001 in.

.8 E-S s tems P/N 183300-100
Valve Overlap: zero

1. Supply Press ure: 4000 psi
2. Ports: Cl & C2 blocked
3. Fluid: MIL-H-9 32 82
4. Fluid Tamp: +120 Deg F

C

.41

'V .21

Spool Displacement, 0.001 in.
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INTERNAL LERJKRGE

.3 E-Systems P/N 183300-100

Valve Overlap: 0.002 in.

U I. Supply Pressure: 8000 pi
CU ~2. Parts: Cl & C2 blo cked

3. Fluid: MIL-L1-83282
4. Fluid Tamp: +120 Dog F

ra

Spool Displacement, 0.001 in.

Ja3 E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

Fli:UIH38
a)I Supply Pressure: 4000 psi

2. Ports: C1 & C2 blojcked

4Fluid Tamp: +120 Dog F
(Y)

(

CYi

Spool Displacement, 0.001 in.
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3wV VKm - .15911 VI

FREQUENCY RESPONSE
0 -4-- -4 4-5

Bendix P/N 3336730
Configuration: Zero Lap

o rn

C- ROCKWELL OOV 006 C-)
FREQUENCY RESPONSE

-3 SLILE POS.vs.Vin. -go0r
30

a. INLET 3000 PSI6
m: TE 151128(.2A/V) XI-.1,K2-3. 0 3< -40

-50 l wtmo0
-~ ~~~ w INS~In~tFREQUENCY (Hz) tTOFf1..7

lifJti Um ;.N3 "m3
FL I .EO

FREQUENCY RESPONSE

I 0 Bend ix P/N 3336730 4

Configuration: Zero Lap

_ m

ROCKWELL OOV 006 c"
C-

Li FREQUENCY RESPONSE
C3-2 SLIDE POS.vs.Vir,. - - 0

DJSPL +/- 25% F.S. C
ID

_j ~ INLET 3000 P516.L

X: TE I51125(.2A/V)K1I'.IX2-3.0 -3

< -30

L111111.1
FREQUENCZY (Hz)IO m1.1..1
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FREQUENCY RESPONSE
Bendix P/N 333561-

C onfiguration: T-Slot|I

"'", 7" T'I -0 - '-45

ROCKWELL DDV 007
FREQUENCY RESPONSE

-20 SLIDE POS. vs. Vin.
DISPL +/- 10 % F.S.

INLET 3000 PSIG. U)
TE151107(. 15A/V) K1-1.32 K2-3.0

< -30

7m RE U MY (H::),W=@
'--Rr O'jMC "-'' V34

CATE.-77 FEe 1068
'- , -7 TZME 4., 1 A4

IWU', WLTA V-W ,

Aut b*S&. I

FREQUENCY RESPONSE
20--453

1Bendix P/N 3335661-2

Configuration: T-Slot

FRUCY[ DDS P007

SL I DE P5S. vs. V i n.
D; SKL+ 25 % F. S.

~2~. INLET 3000 PSIG.
TI53i07(. 35A/7) KMA.3,K4.0

tI N Dk"L27 fix )on

LJ ~ L) DATA TA By,-LJUI o UI K TMI I II1
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- ii FREQUENCY RESPONSE---

E-Syxtems P/N 18330-109 T j 4 B j
Valve Overlap: 0.802 in. Li hi

1: :; . -7- 7- ... ..

T126
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APPENDIX C

SERVO ACTUATOR TEST DATA

Contents Page

Dynamic Response Tests

Step response, E-Systems zero lap valve, no load 128
Step response, E-Systems zero lap valve, loaded 129
Step response, E-Systems overlapped valve, no load 130
Step response, E-Systems overlapped valve, loaded 131
Frequency response, E-Systems zero lap valve, no load 132
Frequency response, E-Systems zero lap valve, loaded 133
Frequency response, E-Systems overlapped valve, no load 134
Frequency response, E-Systems overlapped valve, loaded 135

Pressure Level Switching Tests

Actuator Piston Motionless
E-Systems zero lap valve, 3400 rpm pump speed 136
E-Systems zero lap valve, 5900 rpm pump speed 136

Actuator Piston Moving
E-Systems zero lap valve, 00 switching point 137
E-Systems zero lap valve, 900 switching point 138
E-Systems overlapped valve, 00 switching point 139
E-Systems overlapped valve, 900 switching point 140

Energy Consumption Tests

E-Systems zero lap valve
Pump, actuator not loaded 141
Actuator, actuator not loaded 142
System, actuator not loaded 143
Pump, actuator loaded 144
Actuator, actuator loaded 145
System, actuator loaded 146

E-Systems overlapped valve
Pump, actuator not loaded 147
Actuator, actuator not loaded 148
System, actuator not loaded 149
Pump, actuator loaded 150
Actuator, actuator loaded 151
System, actuator loaded 152

127
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STEP RESPONSE

.1 E-Systems P/N 183300-100
Valve Overlap: zero

C

4-)

E

C)

P0

0.

1. S
2. ,:uply Pressure: 9088 psi

2. Mde: closed loop operation
IL 3. Rct'r Load: none

4. Fluid: MIL-H-63292
5. Fluid Temp.: +120 Dog F

0.0 1.0 2.0

Time, sec

.1 E-Systems P/N 183300-100
Valve Overlap: zero

C

IL E

CL

I. Supply Pressure, 4888 psi
2. Mode: closed loop operation

fl3. Act'r Load: none
4. Fluid: MIL-+I-93282
5. Fluid Temp.: +120 Dog F

.0o 1.0 2. 0

Time, sec
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STEP RESPONSE

.1 E-Systems P/N 183300-100
Valve Overlap: zero

CL

4)
1.S:! rssr:C0,a

-A
C2.0

C

01. Supply Pressure: 4000 psi
2. Mode clsed loocp oertain

(L3. Act'r Load: 6.94 l-sc2i
4. Fluid: MIL-H-63262
5. Fluid Temp.: +120 Deng F

0.0 1.0 2.0

Time, sec

E-Sytms P/N1832010
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STEP RESPONSE

.1 E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

U

C
0,

a-3.RtrLa:nn

4. Fluid: MIL-H-93282
5. Fluid Temp.: +120 Dog F

t0 1.0 2.0

Time, sec

.1E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

C

E

BA
C)

0

(4, 1 . Su:ply Pressure: 4909 psi
2. Mad. closed loop operation

a.3. Rc' Load: none
4. Fluid: MIL-H-93292
5. Fluid Temp.: +129 Deg F

0.0 1.0 2.0

Time, sec

130



NADC-88066-60

STEP RESPONSE

.1-E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

C

CL

C L

0 -0

1. Supply Pressure: 9000 psi
2. Mods: closed loo oprto

CL ~~3. Rct'r Load: 6 .9S4 'llb-stc.2/in
4. Fluid: MIL-H-83282
5. Fluid Temp.: +120 Dog F

0.0 1.0 2.0

Time, sec

.1 E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

4;

C

0.

0

CL 3. Act'r Load: 9.9 Sob-2/In
4. Fluid: MIL-H-93282
5. Fluid Tamp.: +120 Dong F

U.01.0 2.0

Time, sec

131



NADC-88066-60

FREQUENCY RESPONSE

S-r E-Systems P/N 183300-10-
Valve Overlap zero

E

-10 VI _

UC
1.S:! rsue 00pid

0E.

42

E 0)

-10

C
I. SupplyPrssaure: 4999 psi c
2. Moe clased loap operation -1 c
3. Rct'r Load: none ____

4. Output: 93.100 in. p-p * .4 Hz0
5. Fluid: MIL-H-B3292
6. Fluid Temp.: +120 Deg F 0.

lie. 101
Frequency, Hz

413
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FREQUENCY RESPONSE

1 - E-Systems P/N 183300-100 - _ __

M Valve Overlap zero

0

E

4) - _ _ _H = _ _

_____. ______ _____ ______ - 0

5. Slul Pd: sre MI- 3 809 Ia

6. Fluid Tamp.: +120 Dog F 0 r

lie lot121
Frequency, Hz

I ~~E-Systems P/N 183300-100 - _ _____

13 Valve Overlap: zero

01

00

1 ._______u e: 40 0 alc

2.0.lsd a

4 . O u t u t 0 .1 0 j n a 0 .4 H 0
5. Flid I-H- 2 _ 1_

S. Fuid amp. +12 DegF C

_______~reuecy Hz_____ ___ 5 6

____ ___ ___ _ __133 ~
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FREQUENCY RESPONSE

I - ~E-Systems P/N 183300-100 _______

Valve Overlap: 0.002 n

E ___

010

Aln

a.C
I SupyPesre 88pi8
2: Mods:- 

_ __dlop oert o -5
3. Rctr Loa. non

1. SupplyPreseuree90y, pz

2. Made closed loop operation-1
3. Actr Loadt none 1
4. Output: 8.108 In. p-p S .4 Hza
5. Fluid: MIL-H-93292
6. Fluid Temp.t +120 Dog F0.

Frequency, Hz

E-SytemsP/N13 30410
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FREQUENCY RESPONSE

1 - E-Systems P/N 183300-100 -

Valve Overlap: 0.002 in.

0
*1

-_- -J-.-M
0.C

u cc__ _ _ _ _

0

I. Sppl PrsurFrsequny pHz

2. Mde:clo E -Sopsoemso -15 1830-0

4.~Vav Output:: 0.000 inn-p..4H

I.DudTm. +2 lgF jQ

E 0

IM
I u*0esr9 0 S r

2. Me lase I o ___o

3.RtrLa:.3 = C2i
4. _ _tw 0.1_ _. _P 0 4H

_li _ __ 10;

1. ~ ~ ~ rquny HupyPrzue 46

2. Mde:closd lop oera~on1155
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PRESSURE LEVEL SWITCHING

I Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

-J ___ I.Pu mp Speed: 5900 rpmn~ 9 2.Fktuator Motion: none
3.Fid Tmern: +2008dog F
4.Fluid: MIL-H-83292

:3

L
(L M _ _ _ _ _ _

E
0)

-Actuator Displacement

U) Switching Valve 'ON'

I ~/ Sw th I Val ve 'OFF'__ _ _ _ _ _ _ _ _

Time, sec

Vickers Pump S/N MX-346581

___________I .Pump Speed: 3400 rpm
go -AAA2.Actuator Motion: none

3.Fluid Tern :200 dog F

L ______________8328

40

Actuator Displacement

Enl Switching Valve 'ON'

I Switching Valve 'OFF'

Time, sec

136
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PRESSURE LEVEL SWITCHING

iese~Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

A AN %^-^^- .Pump.Speed: 5900 rp

CL 3.Switching t.: zero Op9
4 Flid, Ter 200 dong

L

4

E
(,

U)Switching Valve 'ON' Attor Disp~acemrit

Swtching Va lve 'OFF'

4

Time, sec

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

I.Pump Speed: 3400 hp

0. 3.Switching t.: zero Do
4.Fu~dTer : 200 deg Fg

E
U)

Time, sec

137
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PRESSURE LEVEL SWITCHING

low Vickers Pump S/N MX-346581
E-Sys. Valve: zero l ap

I.Pun I Speed: 50 p

CL 3.Switching Pt.: 90 I~eg4.Fluld Ternu +200 deggF

L

(L N

E
a,

Swtcig0ave9 Actuator Displacement

,%Swtching Va lve 'OFF'

Time, sec

I 'Vickers Pump S/N MX-346581
E-Sys. Valve: zero Ilap

I.PmpSed 34-0p

3.Switching Pt.: 90 Deg
4.Fluid Ter * 200 deggF

I..~~~5Fli ATE._____ 332_____ 2

L

E

4 -1

Swthn Vav 0NV

SSwitching Valve 'ON'

Time, sec
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PRESSURE LEVEL SWITCHING

IBM Vickers Pump S/N MX-346581
E-Sys.-Valve: 0 .002 in. overlap

A L t-x- 1.Pum..p Speed. 5900 rpm

0 BONV V.2ctuator Motion:
CL3.Swftching Pt:zero Beg

4)

L
4M

>22

Time, sec

IBM Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

1.Pup Speed: 3410 rpm

CL 3.Swltchlngj Pt: zero Dog4.Flid:Temu+200 deg Fg

5. )- -3 0

E
4-)

(I) Switchi g Valve *ON' Ac uator Displacement -

Time, sec

130,
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PRESSURE LEVEL SWITCHING

.lo Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

A AAf &,n e -. N. XN IPump Speed: 5988 rpm
0 VYT2.Rctuator Motion:

8.250 in. v-p e 1 Hz
0- 3.Switching Pt.: 90 Dog'

4.Fiuld Teamp: +200 dog F
5.Fluld: tIIL-H-03282

Sam

0

EL4M

E

SwltChi ig Valve 'ON' Actuator Displacement

Switching Vale'OF

Time, sec

low, Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

AAAAAAAAI .Pump Speed: 3400 rpm
~~~ a~' aAAAAA---~I-)-) 2.Rctuator Motiont

0.250 in. p-p e Hz
CL 3.Switchtng Pt.: 90 Dog

4.Fiutd Ternm +200 dog F
-S.Fluid. MIE -H-63282

LAI

(LVV

E
+)

(A Sltci gValv ,(~4g Actuator Displacement

Switching Valve'OFF'

Time, sec
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PUMP ENERGY CONSUMPTION

6w Vickers Pump: S/N MX-422717
E-Systems Valve: zero lap

C

2 I. upply Pressure: 999e psi
2. ct'r Load: none
3 Pito *otn 0.4 H.
4 : F1u1!: TMwp !Mn0-DS9 F

C
0

U

0) 2

Frequency, Hz

5 Vickers Pump: S/N MX(-422717
E-Systems Valve: zero lap

C

I 1 Supply Pressure: 4999 psi
2. Rct'r Loadt nane

D 3. Piston Motion:
0.100 Inp- e 0.4 Hz

4. Fluid: MI-H-92
im 4N S. Fluid Tamp.: +200 Dog F

C

3,

* 2w

Frequency, Hz
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ACTURTOR ENERGY CONSUMPTION

2 Vickers Pump: S/N MX-422717
E-Systems Valve: zero lap

C
I. Supply Pressure: 9000 pal
2. Rct'r Load: none
3. Piston Motion:

D s 0.100 in. o-p e 0.4 Hz -

4. Fluid: MIL-H-9322
m 5. Fluid Temp.: +280 Dog F

C
0

4J

4J

I

16 168

Frequency, Hz

28 Vickers Pump: S/N MX-422717
E-Systems Valve: zero lap

1. Supply Pressure: 4000 psI
2. Rct'r Load: noe

5 3. Piston Motion:
ISO- 0.190 In. -p12 *.4.Hz
4. Fluid: MIL_14-32".
5. Fluid Temp.: +200 Dog F

C
0 I

d)

5)

4I

3le

Frequency, Hz

142



NADC-88066-60

SYSTEM ENERGY CONSUMPTION

oi Vickers Pump: S/N MX-422717
E-Systems valve: zero lap

E 1. Supply Pressure: 9090 psi
2. Rct'r Land: non.e_____

6 3. piston Motion:- __ __ ______

0.190 in. 1g 0 9.4 Hz
4. Fluid: MIL-H-4i2U2

M 5. Fluid Temp.: +290 Dog F

C
0 G

4-

it)

28

4-)

Frequency, Hz

BOB Vickers Pump: S/N MX-422?1?
E-Systems Valve: zero lap

C

E 1. Supply Pressure: 4090 psi
2 Rct'r Lod:ne

681 3: Pitoan Motion:c
910In. - 0.4 Hz

4. Fluid: MI 1-9N2Bm 5. Fluid Temp.: +280 Doag F

0
401

201

4143
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PUMP ENERGY CONSUMPTION

see Vickers Pump: S/N MX-422717 -

E-Systems Valve: zero lap

501 1. Supply Pressure: aSpi -_______2. Rct'r Load: 6.94 lb-see'2.'i'l
3. Piston Motion:

4. Fluid: M8IL-18-82
m5. Fluid Temnp.% +200 Doag F -______

c 8

0

4-)

C

"'T 19'-,e134H

M 400er- Pump S/NdTsp. +2X04D21F

30y8eVav: eo a

8.1Frquecy inHz *84H

4. Flid: ML-+I-1324
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ACTUATOR ENERGY CONSUMPTION

2w Vickers Pump: S/N MX-422717
E-Systems Valve: zero lap

C
1. aupy ssure: 9098 psi

E2. luctr Lolad: 6.94 lb-sec-2,'in
3. Piston Motion:

D 5 Is0.190 tn. u 0.4 Hz -

l-4. Fluid: MIL-H-8 2 2
5. Fluid Temp.: +290 Dog F

0

4.)

181F e u nc ,H e

28 - VcesPmp / X421

E-ytmsVlezr a
a:

4. 8§

IN

4-)'

Frequency, Hz

2 VikersPump S/NMX-1451
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SYSTEM ENERGY CONSUMPTION

se Vickers Pump: S/N MX-422717
E-Systems Valve: zero lap

C

E I. Supply Pressure: 080 psi
2: Rct'r Load: 6.94 b-sec^2'In
3 3. Piston Motion:

0.100 in. -p- 0 0.4 Hz
4. F utd: MIL-H- 32 2

m Fluid Temp.: +200 Dog F

C
0
- 4w

4J V
U

Frequency, Hz

Bee - Vickers Pump: S/N MX-422717
E-Systems Valve: zero lap

1. Supply Pressure: 4000 ps!
2. Rct'r Load: 6.94 lb-sec^2,1in

F-0.1t00 in. 6- 0.4 Hz
4.Fluid: MIL-H~O32
S. Fluid Temp.: +200 Dog F

C
0)

2- 4W,

0

a,

I

Frequency, Hz

~146

I lVickers Pump: llNiMX-422717
E-yteslve zeoi
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PUMP ENERGY CONSUMPTION

6N- Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

• 1. Supply Pressure: 00 psi
2. Rct'r Load: none
3. Piston Motion:

0.100 In. - 0.4 Hz
4. Fluid: MIL-H-U 32U2

4W 5. Fluid Temp.: +200 Dog F -

C0 3
3

U

20

I

I4-

Frequency, Hz

S0- Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

C
• 5E

E 1. Supply Pressure: 4000 psi
2. Act'r Load: none

D 3. Piston Motion:
0.100 In. - .4 Hz

4. Fluid: MIL-H-S 2 2m 4- 5. Fluid Temp.: +200 Do9 F

C

38

4.)
0
oU,

(D 28

in
II

Frequency, Hz
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RCTURTOR ENERGY CONSUMPTION

2w - Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

I. Supply Pressure: SUs pal
E 2 Act'r Load: none

3. Piston Motion:
ISO .109 In. -12 e 9.4 Hz

4. Fluid MIL-H-0§2
5. Fluid Temp.: +20 Dog F

0C

is

leI

'B Il

Frequency, Hz

20 Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

1: supply P.esu~:. 4089 psi
E 2. Rct'r Load: none

3. Piston Motion:
IS11- 0.100 in. S 8.4 H
4. Fluid: M1LH3B - 2
5. Fluid Temp.: +200 Dog F

0

Frequency, Hz
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SYSTEM ENERGY CONSUMPTION

No Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

C

1 . Supply Pressure: 8000 pal
2 Ret'r Load: none

6 3: Piston otion:
0.100 In.0 0.4 Hz:

4. Fluid:1MIL-H- 22
5. Fluid Temp.: +200 Dog F

28
4.)

113)t

Frequency, Hz

8 Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

E 1. Spply ressure: 4000 psi
2 Rctr- Lad: none

61o 3. Piston Motion:
I- 0.100 in. e 0.4 Hz

4.Fluid:'OMIL- 2- 2m 5. Fluid Tep:+200 DegF

040

414
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PUMP ENERGY CONSUMPTION

Bse Vickers Pump: S/N MX-42271?
E-Sys. Valve: 0.002 in. overlap

C

I 1 Supply Pressure*: 1!00 pal
2. Act'r Load .9.4 b-se'2.1n
3. Piston Motion:

4. Fluid: MIL H_-192_______m 4& 5. Fluid Temp.: +200 Doag P ______

4-)

le I

Frequency, Hz

681 Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

C

I 1.Spl rsure: 4000, psIN 2. Rct'r Load:! 6.94 1b-se-2/in
3. Piston Motion:

F- 0.100 in. S-S Q 0.4 Hz
42 4 Fluid: HL-H-8 2 2_______m 5. F u d Temp.: +290 Dog F

381

U

* 20

Frequency, Hz
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RCTUATOR ENERGY CONSUMPTION

292 Vickers Pump: S/N MX-422717
E-Sys. Valve: 0.002 in. overlap

C
I.Supl Pesurl: 8800 cpsiE 2. !ery Lad .9.4 lb-se-2/in

3. Piston Motion: ______

4. Fluid: 0.4 Hz-82

5. Fluid Temp. +200 Dog F

4 J

I r

Freuecy Hz

4. ys Vlf:1K alv9e: .0 n vra

4. Fluid p: +2H 0 Dog52

0

a,

1591
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SYSTEM ENERGY CONSUMPTION
Bee Vickers Pump: S/N MX-422717

E-Sys. Valve: 0.002 in. overlap

C

E 1. Supply Pressure: 0000 psi
2. Rctr Load: 6.94 lb-se 2,-'in6 3. Pitoan Motion:

0.6 in- -126 0.4 Hz
4. Fluid: M0LiH-9§2m 5. Fluid Temp.: +200 Deg F

C

0

~~152
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APPENDIX D

DUAL PRESSURE PUMP TEST DATA

Contents Page

Pump pressure ripple 154

Pump transient response 155

Pump performance 156

Pressure level switching at 0.5 gpm 157

Pressure level switching at 5.0 gpm 158

153
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PUMP PRESSURE RIPPLE

400. Vickers M/N PV3-047-4
S/N MX-346581

v v

L

I. System Pressur: 80ps
2. Pum Speed 98rpm
3. Discharge Fow: .* p4. Inlet Pressure. 960 2sig
5. Inlet Fluid T*emp: +200 dog F
6. Fluid: MIL-H-83298

* ' *4' X 1

Input Shaft Rotations

489.1- Vickers M/N PV3-047-4
S/N MX-346581

L

CL

1. System Pressure: 4000 pai
2. Pump Speed: 5980 rpm
3. Discharge Flow: 0.5 gpm
4. Inlet Pressure: 90 EAsigd~5. Inlet Fluid Temp:+0 u
6. Fluid: MIL-H-N2+

I.4'

Input Shaft Rotations
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PUMP TRRNSIENT RESPONSE

VICKERS M/N PV3-047-4
S/N MX-346581

09

L

Tie, sec 4
0

L

-

L

6ME 1. Pressure Setting: 4999 psi
3: Pump Speed: 5900 rpm

Flow: 0.5 to 9 to 9.5 gpm
4. Inlet Fluid Temp.: +209 dog F
5. Fluid: MIL-H-83282

4

Time, sec

GU%.Vickers N/N PV3-04?-4

IS/N MX-346581

0155

L s-

L

43 3

4) V
EL

0 1. Pressure Setting 4000 psi
2. Pump Speed: 5900 rpm
3. Flow: 0.5 to 9 to 0.5 pm
4. Inlet Fluid Temp. +20 dog
5. Fluid: MIL-H--8§22

Time, sec
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NADC-88066-60

PUMP PERFORMANCE

IM B2? Vickers M/N PV3-047-4So

CL ~~D is charg-e- Pre ss ure

U

C .

(I)
- 4-

_ __

3. Inl et Rejuet9io s 9n

, 42 Vicers M/fcincy 304-

0 D.Pes.St i schrg Pre0ssue

5. nle Neatd ReTo n 0do
G.Fud:MLH-382

f0) V

0 L

o D~PesueSt ischr: 4000 sir

Ine P4Wre 90 psi
4 Cas Pr-OesralE:f 125ienc g

5. IletFlui Tep: +00 eg0

LJ ~ ~ S IluidA ,Or-HatRejctin2

Dica4 F20w (p

156J



NADC-.88066-60

PRESSURE LEVEL SWITCHING

la Vickers M/N PV3-047-4
S/N MX-346581

1.um;Sedk:5900rp
9. 4ap 6000 pet

CL3.FMul ITe. +200 dog F
4.Flu d: 1IL-83292

L £

a- 4M5

E

X% 20
Ln Switching Valve 'ON'

Switching Va v O

Time, sec

IBM Vickers M/N PV3-04?-4

_____ .pump Speed: 3480 rp

3.FluITr +2de
.Flu d M I -H 292

U,3

4._ _ _ _ _ _ ___ _ _ _ _ _ _

4,

X,
U)

Swtcin ValeON

----- Sicin av OF

Time, sec

157
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PRESSURE LEVEL SNITCHING



NADC-88066-60

PRESSURE LEVEL SWITCHING

IBM- Vickers M/N PV3-047-4
S/N MX-346581

•_____________lI.Pump Speed: 5900 rpm
Uv 2.D3ischarge Flow:

5.0 Ipm e9008 s
CL 3.FIu I Tem: +280 deF4.Fluid: MI -H-8322 

S6m

@3

E

2M

)Switching Valve 'ON'

Switching Valve 'OFF'

Time, sec

IBM Vickers M/N PV3-047-4
S/N MX-346581

I.Pump Speed: 3400 rpm
2.Discharge Flow:

5. Ipm * 00 sC3.FluI Tem : +200 deg F4.Flu d: MIL-H-83282

L 6801

L

E

X 2M
U) Switchi g Valve 'N,

Switching VaVe'0FF'

Time, sec

158



NADC-88066-60

APPENDIX E

LHS SIMIULATOR TEST DATA

Contents Page

Dynamic Response Tests

Step response, E-Systems zero lap valve 161
Step response, E-Systems overlapped valve 162
Frequency response, E-Systems zero lap valve 163
Frequency response, E-Systems overlapped valve 164

Pressure Level Switching, Actuator Tests

Actuator Piston Motionless, 5000 lb tension load
E-Systems zero lap valve 165
E-Systems overlapped valve 166

Actuator Piston Moving, 4000 to 6000 lb tension load
E-Systems zero lap valve, 00 switching point 167
E-Systems zero lap valve, 900 switching point 168
E-Systems overlapped valve, 00 switching point 169
E-Systems overlapped valve, 900 switching point 170

Pressure Level Switching, System Tests

Actuator operating mode, 2% load/stroke 171
Actuator operating mode, 10% load/stroke 172
Actuator operating mode, 50% load/stroke 173

Pressure Ripple Tests

FC-1 System 174
FC-2 System 175

Spectrum Analysis

FC-1 System, 4000 psi, low pump speeds 176
FC-1 System, 4000 psi, high pump speeds 177
FC-1 System, 8000 psi, low pump speeds 178
FC-l System, 8000 psi, high pump speeds 179
FC-2 System, 4000 psi, low pump speeds 180
FC-2 System, 4000 psi, high pump speeds 181
FC-2 System, 8000 psi, low pump speeds 182
FC-2 System, 8000 psi, high pump speeds 183

159
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APPENDIX E

LHS SIMULATOR TEST DATA (Continued)

Contents Page
Energy Consumption 

Tests

E-Systems zero lap valve, no load
Pump 184
Actuator 185
System 186

E-Systems overlapped valve, no load
Pump 187
Actuator 188
System 189

E-Systems zero lap valve, 5000 lb tension load
Pump 190
Actuator 191
System 192

E-Systems overlapped valve, 5000 lb tension load
Pump 193
Actuator 194
System 195

160



NADC-88066-60

STEP RESPONSE
.1 E-Systemns P/N 183300-100

Valve Overlap: -zero

C

a) 4
E
U

0.

4.)
I. Supply Pressure: 9000 psi
2. Made: closedloop oprto
3. Rct'r Lo ad. 10000 leb t~

(tension force)
4. Fluid: MIL-H-83Z82
5. Fluid Tamp: +120 Dog9 F

T ime , sec

.1E-Systems P/N 183300-100-
Valve Overlap: zero

C

E

jI Suiply PresLZ:7;:~ 4000 psi
2Mode: closed looToperation

(tension force)
4Fluid: MIL-H-83282
5Fluid Tamp: 4120 Dog F

0.0 1.0 2.0

Time , sec
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STEP RESPONSE

.1 E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

C

E

a) I
U

0

1. Supply Pressure: 800 p
2. Mode: closed loop operation

I3. Rct'r Load: 1080 lb
(tension force)

4. Fluid: MIL-H-83282
5. Fluid Tamp: +120 Dog F

0.0 ~1.02.
Time, sec

.18 E-Systems P/N 183300-100
Valve Overlap: 0.002 in.

C

C

E
(D
0

0

1. Supply Pressure: 4000 pai
2. Made: closed loop operation

f3. Rct'r Load: 5990 lb(tension force)

4. Fluid: MIL-H-83282
5. Fluid Temp: +120 Dug F

0.0 1.0 2.0

Time, sec
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NADC-88066-60

FREQUENCY RESPONSE

10 - -SysemsP/N 183300-100-
'a Valve Overlap: zero

-50

0.)

C

I. Supl Prcuec99 s
2. Mode: clossedrloopoperation-1
3. Flct'r Load: 5000 Ib tension-
4. Output: o.1ee in. p-p e .4 Hz
5. Fluid: MIL-H-832i2
6. Fluid Tamp: + 120 Do F -20 0

__ _ __ _ __ _ __ loll__ _ __ _ __ _ lot __ 10

Frequency, Hz

10E-Systems P/N 183300-100 -__

13 Valve Overlap: zero

4)

0.0

4 __ Output 0.100 in_ ___ 1
5:_ Fluid MI-H 32

6. Fluid:Tmp M 120HDog F (I

lo,10 10?
Frequency, Hz
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FREQUENCY RESPONSE

E-ysem P/N 183300-100--
.0 Valve Overlap: 0.002 in.

4'

Cc0

- 10

SC

1' S%- Prsue: 80-p id

2:H l s d l op o e a i n-5

1. Supply Loasure 5 00 pbtesio

4. Output: 0.100 in. p-p e .4 Hz
5. Fluid: MIL-H-83282 -
6. Flui d Tamip: 120 Dleg F I0A

log 101122
Frequency, Hz

0.E-Systems P/N 183300-100 - -

Valve Overlap: 0.002 in.

0) -

9

63E

0Io

I' Su::!y Presure 4000_ 1psi C

6._ Flui -1p2+2 egF(

1. SupplyPreseuuee400, ps

2. Mo.: clsed l16-1



NADC-88066-60

PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

KAY _______ I___ .Punp Speed: 5988 rp
(4 2.RctUater Motion: none
0.3.Fluld Tom +200 Dog F

L 6W_______ 
________

(L4M

4) Actuator Displacement

U)Switching Valve 'ON'1 _ ________

Time, sec

few Vickers Pump S/N MX-346581
E-Sys . Valve: zero lap

I ___________ .Pump Speed: 3408 rpm
(4 m 2.Fktuator Motion: none

CL 3.Fluid Ternp:+209 Des F
.. 4.Fiuid: MI1L-832 2

4)

(4-

EI
+) Actuator Displacement

04-

>,' 2M
LI) Switching Valve 'ON'__________

StcigValve 'OF

Time, sec
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PRESSURE LEVEL SVJITCHING

I We Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overltap

I.Pump Speed: 5900 rpm
0 am 2Rctuato r Mo tion: none

3.Fluld Tevmp: +200 Dog F
0- 7 4.Fluld: MIL-H-83282

(U
L-

63 Gem___

0

L

(. 401
E

.4) Actuator Displacement

X~ 289
UI) Switching Valve 'ON'

Switching Valve 'OFF'

Time, sec

IBM Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

1.upSpeed: 3400 rpm
-- 2.Actyato- Motion: none

3.Fluld Ternp: +200 DogFa 4.Fluld: MIL-H-83282

Gem'

(L

X 6M

Aies ctutrClcmn

166
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PRESSURE LEVEL SWITCHING
I O Vickers Pump S/N MX-346581

E-Sys. Valve: zero lap

I .Pump Speed: 5980 rpm

B 2.Rctuator Motion:0.250 in. p-p e I H

3.Switching Pt.: zero Deg4.Fluid ToemE:H+20Bdeg F

7 3I u d 83L

Switching Valve 'ON' Actuator Displacement

SSwitching Valve 'OFF'

Time, sec

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

1.Pump Speed: 3400 rpm
998 2.Rctuator Motion:

0.258 in. p-p @ 1 Hz
.Suitching Pt.: zero Deg4.F Iuid TemE : +2 0deg F9

Fld: M IL-H-83282

CLan

L

E

>, 20
Switching Valve 'ON' Actuator Displacement

-" I( F Switching Valve 'OFF' -

4

Time, sec
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PRESSURE LEVEL SWITCHING

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

I.Pumnp Speed: 5900 .,pm
U2.R tuato r Mot Ion:

0.2512in p -p S1 Hz
CL3.SwitchlngPt. 0 1309

4.Fluld:Tern: 20 deg F
.F u d:i -1-183282

E

U

Lr /Switching Valve 'ON' Actuator Displacement

Switching Valve 'OFF'

Time, sec

Vickers Pump S/N MX-346581
E-Sys. Valve: zero lap

1.upSpeed: 3-00 rpmn

.Switching Pt.: 90 Deg.Fluid Tern : ;200 degF

L.

(U

E
4-)

Switching Valve 'ON' Actuator Displacement

Ii~ Switching Valve 'OFF'

Time, sec

168
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PRESSURE LEVEL SNITCHING

Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

__________I .Pum Speed:t5900 rpm
ON 2.Rctuator Mot ion

W 0.250 In. 1-p Si Hz
- 7 3.Swltchin 9 Pt.: zero Dog

4.F uld Tem: +208 deg F
5.Flu dM: IL-H-832 2

6Mf,2

4

E

Switching Valve 'ON' Actuator Displacement

Switching Valve '0FF' -
I

Time, sec

low ~ Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

1.Pump Speed: 3400 rpm. 2. ctuator Motion:
0.250 In. p-p e 1 Hz

C 3.S,,tchlng Pt.: zero Dueg
4.Fluid Tmm: +200 dug F

.luid: MIL-H-3282

CL 4M
E

Switching Valve 'ON' Actuator Displacement

Switching Valve 'OFF'[

I ' 1 " ' I

Time, sec

169
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NADC-88066-60

PRESSURE LEVEL SWITCHING

low Vickers Pump S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

* 1.PumpSpeed: 5900 rpm
2.Rctusator Motion:

0.250 in. g-p S 1 Hz
0. 3.Switching Pt.:. 90 Deg

4.F1luid Ternp: +200 dog F
.Fluid: MIL-H-93282

L

48

E)
4~)

Xs 266--- -- - -.~
LnSwitching Valve 'ON' Actuator Displacement

Switching ValIve OF0[

4

Time, sec

IBM Vickers Pump S/N MX-346581

E-Sys. Valve: 0.002 in. overlap

A I.Pump Speed: 3400 rpm
0 2.Actuator Motion:

0.250 n - 1 Hz
3.Switchini Pt.: 90 D-OF7 4.Fluid Tom t +200 dogF
5.Flufd: MIL-H-83282

L

a- 4M

Switcing alve*ON'Actuator Displacement
SwSwitchin Valve 'ON'

Time, sec

170
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PRESSURE LEVEL SNITCHING

FC-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

CFC-2 System Pressure

1 -2 :c t590on rpm

2 L"re tr o FC-1 System Pressure0 2%;La & Stroke Atao
3.Fluid TernE: +200 F Actuator

L 4.Fluid: M L-H-83282 Displacement

X /

cn VV JV V J V V J V V

:- S.,tching Valve'OF _

I - Switching Valve '0N'

Time, sec

L9 -FC-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

S\ -- FC-2 System PressureL
5900 rpm FC* System Pressure

"':. Fct"rg O r!9 Ion:
Act t ton

02% Lond St rokeF
0) 3.Fluid TMmp: +200 F
L .4.Flu d MIL-H-83282 Actuator Displacement

IL 4

E

X 2W A
Switching Valve 'Off' L Switching Valve 'ON'

Time, sec

171-
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PR~ESSURE LEVEL SNITCHING

lowFC-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

FC-2 System Pressure

L

1Pump So .: 9 p
'4 2.Act'r Op. ra'j1on: FC-I System Pressure

10%. Load & Stroke

L .: ud IH-83282 Actuato Displacement

0 40

4-)

-Switching Valve 'OFF'~ T~n Vle0

Time, sec

IB FC-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

FC-? System Pressure

'4 2.Rctr peatiri FC-1 System Pressure
0 . 1 0% Load & Stroke

0 .Flu I d TemE +200 FActuator Displacement
.4.Flu I i -H-8 3262

IL 4

Time, sec
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PRESSURE LEVEL SHITCHING

_FC-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

FC-2 System Pressure

L 6w
:3 5900 rpm

0 2.RACutr geratfon:
0 .50%~ Load & Stroke FC-I System Pressure

L, .4. F Iu Id: M I -H-83282 cutrDslcmn

E

(1)

~~-Switchinq Valve 'OFF' L'wthnTON

Time, sec

II -C-1 Pump: S/N MX-346581
FC-2 Pump: S/N MX-346580

I.PumpFC-2 System Pressure

0 .Rct ,r oration:~
50% Load & Stroke \,FC-I System Pressure Acutr Displacement

3,.Fluid TemC: +200 F
L 4.Fluid: MIE-H-83282/\

U)

Switching Valve 'OFF' 7L S-~ ~~~ O'______

Time, sec

173



NADC-88066-60

PUMP PRESSURE RIPPLE, FC-1 SYS.

4W9. Vickers M/N PV3-047-4
S/N MX-346581

(U 9 A, A. PA_____

L

'4tm~r 
sr6 80 s

um See.5,p

i Mode: 3

441@:
Input Shaft Rotations

498. Vickers M/N PV3-047-4
S/N MX-346581

C,

03

L

0 0.

1SystemPressure:, 4000 psi
Pu. S~ de:50 rpm n

: t71s FngH~~ e

Input Shaft Rotations

174
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PUMP PRESSURE RIPPLE, FC-2 SYS.

490.1 V ic ke rs M/N PV3-047-4
S/'N MX-346580

(U

0

.Syste Prespri

Pump Speed: 5 6Qrpmo
Operating Made: t'rs e mull

.: n eim ig~

Input Shaft Rotations

489. -Vickers M/N PV3-047-4-_____
S/N MX-346580

L

L

Inpt Shf Rotationsm

?Pev~njMo::gtrs75ul
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SPECTRUM RNRLYSIS, FC- SYSTEM

Vickers Pump M/N PV3-04?-4

S/N MX-346581

4400

2020

S0O 0 3800

Frequency, Hz

I. System Pressure: 4000 psi
2. Pressure Transducer Location:1.25 in. from pump

3. Inlet Fluid Tom: +200 des F
4. Fluid: MIL-H-B3 82

lee Vickers Pump M/N PV3-047-4;
S/N MX-346581

I- System Pressure:0 4000 psi10Pump Speed: 36 rpm

Pressure Transducer Location:
) .1.25 in. from pum _74 nlet Flyid em +280 deg F

5: Fluid: M L-H-340202.5i.frmpm

L

_. 4. _lAd MIL A. , . ,,

. Sste Prssue:4000ps

Frequency, Hz

176
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SPECTFIJ1 ANAiL YSTS, FC--1 SYSTE'

Vickers Pump M/N PV3-047-4
S/N MX-346581

5900

2500

CL 150 (n 5300

3~ 5100
.,50

0. 0 4900
0 500 1060 ... 1500 - 2 000

Frequency, Hz

1: System Pressure: 4000 psi
2. Pressure Transducer Location:

1.25 in. fro' um
3. Inlet Fluid Temp:P'26 degF
4. Fluid: MIL-H-M382'

V Vic ke rs Pu mp M/N PV3 -04 7-4
S/N MX-346581

.System Pressur 4000 psi
Pump Sed 90p

1.25,i from pm
CL 7 4: Tole Fluid; Temm 250 dgF

5. luid: MIL-H--82 a

2:

Frequency, Hz
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SPECTRUM RNRLYSIS, FC-1 SYSTEEM

Vickers Pump M/N PV3-047-4

S/N MX-346581

/A %.4400

420

.150 c 3800

100
a 3600

150

0 3400

500 1000 1500 2000
Frequency, Hz

I. System Pressure: 8000 psi
2. Pressure Transducer Location:

1.25 in. from pump
3. Inlet Fluid Temp: +20 deg F
4. Fluid: MIL-H-83 82

10 Vickers Pump M/N P I3-047-4
S/N MX-34G5el

. System Pressure: 8000 psi
rd Pump Speed: 3900 rpm
3. Pressure Transducer Location:

1.25 in. from pom
0 7 4. Inlet Fluid TeH62 +280 deg F

5. Fluid: MIL-H- 3~8

(I. 4 588

Frequency, Hz
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SPECTPLJM RNRLY5IS, FC-1 SYSTEM

Vickers Pump M/N PV3-047-4
S/N MX-34G581

5900

2000

550

200~

S100
a- 5100

0 50

00 50 .0 1000 1500 2000 40

Frequency, Hz

1. StePressure: 8000 psi
2. Pressure T ransducer Location:

1.5in. fromum
3. Inlet Fluid Temp: -290 deg F
4. Fluid: MIL-H- 3~ 82

toVickers Pump M/N P'Y3-04'>-4-____
S/N M'X-34658 1

~System Pressure: 8000 psi~Pump Spej: 5200 rpm
a) Trsu ransducer Location:

. 9i.from pumo _____
CL 4. I.nlet Fluid Temo: +290 deg F

5. luid: MIL-H- 3 82
Un

Vrequency, Hz
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NADC-88066-60

SPECTRUM ANALYSIS, FC-2 SYSTEM-

Vickers Pump M/N PV3-047-4
S/N MX-346580

4400

1500

SOA

Frequency', Hz

1. System Pressure: 4000 psi
2. Pressure Trasducer Location:

1.25 in. from pm
3. Inlet Fluid Tom p:+Z00deF
4. Fluid: tIL-H-93292 9F

Vickers Pump M/N PV3-047-4
S/N MX-346580

10 I'quoilb4000 psi
4) ~ ~ ~ . oeja: r L1u; ocation:

C L I I n . ? !o m V N d g F

51

(L

Frequency, Hz
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NADC-88066-60

SPECTRUM ANALYSIS, FC-2 SYSTEM

Vickers Pump ?1'N PV3-047-4
S#'N MX-346580

5900

200

*150830

~. 108

8~~& 5050000000

Frequency, Hz

1.25 in. from pum~
3. Inlet FluOd Tern; &08 dogF
4. Fluid- MIL --3 82

Vickers Pump M/N PV3-047-4
S/N MX-346580

1.Sysep~ressugrb 4000 psi~.~um 5ped. ~ rpm
3.~ Prn~ Tasducer Location:

CL

L

0

Frequency, Hz



NADC -8806 6-60

SPECTRUM ANALYSIS, FC-2 SYSTEM

Vickers Pump M/N PV3-047-4
S'N MX-346580

4400

~E 4200

4- 100

*1 50
0 3400

Frequency. Hz

1. System Pressure: 8000 pxi
2. Pressure Transojeer Location:

1.25 in. from pump
3. Inlot Fluid Tep +200 dog F
4. Fluid: MIL-H-9382*

IN-- Vickers Pump M/N PV3-04?-4
S/N MX-346580

1. Ssteo Presurs 9000psi
0 ~.Eumppee~ ~0rpm
s ~.I~res~e randucer Location:

~. ~i: a~~-E~ 0 deg FEn : uId YHN

I4L

25

LL
2w4W6

Frequency, Hz
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NADC-88066-60

SPECTRUM R'";RLYSIS, FC-2 SYSTEM

Vickers Pump ti/N PV3-047-4
S/N MX-346580

A 5900

AI 570

~ 0 50 000 05500

I. Qli:ML--39

0~ 4900900ps

2: Pressure Tranducer Location:
____1.25_ in . ro pump

a~3 Ile Fluid To: ~+0 dog F

4. Fl i :MLI-3 8

VikriupM/ V -4 -

I')S/ MX-346580__

N'3z~r!u 00 s
Lm E6 p

rasucrLcainI n LrmLp

Frequency, Hz
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NADC-88066-60

PUMP ENERGY CONSU-)MPrTON

Gw- Vickers Pump: S/N' MX-34658!
E-Systems Valve: zero lap

C

0

21. SupplPr~~ss*ur.:e 688 psi _______

0.100 in. ' 0 90.4 Hz
4. Fluid: MIL-H-8922
5. Fluid Temp.: +290 Dog F

Frequency, Hz

6W Vickers Pump: SAN MX-346581
E-Sy'stems Valve: zero Ilap

C

F-
M 49

0

4-'

V3. Piston Motion:

0.10 n19 0'4H
4. Fluid: MIL-H-992B204H
5. Fluid Temp.: +200 Deg F

l8e1

Frequency, Hz

184



NADC-88066-60

ACTUATOR ENERGY CON'4SUMPTION

2 Vickers Pump: S/N MX-346581
E-Systems Valve: zero lap

C

CU

I. Supply Pressure: 9600 Psi
2. Rct r Load: nome
3. Piston Motion:

I 4. Fluid: MIL-H89~2 .H
5. Fluid Temp.% +200 Beg F

ISli

Frequency, Hz

2Vickers Pump: S/N MX-346581
E-Systems Valve: zero I ap

C
I. Supply Pressure: 4000 psi

E 2. Met r Load: none
3. Piston Motion: ____

110.100 in. p- 0.4 Hz -
4Fluid: MIH92

S. Fluid Temp.% +200 Deg F

C
0
-4 le

U

low

Frequency, Hz
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NADC-88066-60

SYSTEM ENERGY CONSUMPTION

Vickers Pump: S/N MX-346581

E-Systems Valve: zero lap

C I
0

o t

4- 1 u e y P e s r : 8 0 s28! _ ___ __

m1. Supply Pressure: 9080 psi

2. Rct r Load: none
3. Piston Motion:

I 8.108 in. p-p * 0.4 Hz
4. Fluid: MIL-H-93292
5. Fluid Temp.: +200 D9 F

Frequency, Hz

' Vickers Pump: S/N MX-346581
E-Systems Valve: zero lap

C

E

0

4J,
1. Supply Pressure: 4008 psi
2. Rct'r Load: none
3. Piston Motion:0.100 in. p-p 09.4 Hz4. Fluid: MIL-H-B32 2
5. Fluid Temp.: +200 Dog F

Frequency, Hz
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NADC-88066-60

PUMP ENERGY CONSUMPTION

6H Vickers Pump: S/N 346581
E-Sys. Valve: . 002 in. overlap

C

0

U

01. Supply Pressure: 888 psi
i 2. Rctr Load: none

3. Piston Motion:a 8. 100 in. 0 0.1 4 Hz

4. Fluid: MIL-H-TI202
5. Fluid Temp.t +288 Dog F

18a 191

Frequency, Hz

6M Vickers Pump: S/N 346581
E-Sys. Valve: 0.002 in. overlap

1: Suply Presure: 4000_ _ _ _
2. I Actr ad:o none s

3. Piston Motion:
m:4. Fluid: MIL-4--03292

5. Fluid Temp.: +200 Dog F

0

U

I)

_ le

Frequency, Hz
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NADC-88066-60

RCTURTOR ENERGY CONSUMPTION

2= Vickers Pump: S/N 346581
E-Sys. Valve: 0.002 in. overlap

C

E

MI-

C
0

U

4V

")

I. Supply Pressure: 8000 psi
2. Rct'r Lod: none

I 3. Piston Motion:
0.188 in. - 0. 4 Hz

4. Fluid: MIL-H-S2 2
5. Fluid Temp.: +200 Dog F

10

Frequency, Hz

M- Vickers Pump: S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

C
. Supply Pressure: 4000 psi

2. Rct'r Load: none
______ . Piston Motions

!S. 108 in. p-p 0 0. 4 Hz
4. Fluid: MIL-H-832
5. Fluid Temp.: +2&3 De9 F

0

4J
U
V

Frequency, Hz
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NADC-88066-60

SYSTEM ENERGY CONSUMPTION
ae Vickers Pump: S/N 346581

E-Sys. Valve: 0.002 in. overlap

C

E_

0
40

U

.,.

o t Jpply Pressure: 00 psiK 2 F~t "rLad: none
4) 3. Piston Motion:
I 0.180 in. -p 0 8.4 Hz

4. Fluidt MIL-H-3292
5. Fluid Temp.: +208 Dog F

lot
Frequency, Hz

90 Vickers Pump: S/N MX-346581

E-Sys. Valve: 0.002 in. overlap

C

E I. Supply, Pressure: 400 psi
\ 2. Mct'r Load: none

7- F3. Piston Motion:0.110 in. p.D•0.4 Hz
4. Fluid: MIL-H-Ai-92,

5. Fluid Temp.: +288 Deg F

C
0

4N

4"8

Frequency, Hz

189.

Ifc i,
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NADC-88066-60

PUMP ENERGY CONSUMPTION

6 -Vikers Pump: S/N MX-346581
E-Systems Valve: zero lap

C

+)

4)

* Svr~~aresure: 98199 ps I
_____________ Rce' Load 5868 lb tension

3. Piston Motion:

4. Fluid; MIL.44-8122 H
*5. Fluid Temp.: +299 Dog F

Frequency, Hz

Vickers Pump: S/N MX-346561
E-Systems V~alIve: zero l ap

1: Riu~eLoa: s58 b ton *ion -______

3Piston Motion: 84

M 4W 4. Fluid: MIL-44-S 2
S. Fluid Temp.: +299 Dog F

0

3N

u

4)......................

Frequency, Hz
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NADC-88066 -60

RCTURTOR ENERGY CONSUMPTION

2& Vickers Pump: S/N MX-346581 -___

E-Systems Valve: zero lap

C

0

51. Supy Pressure: 88 s
2. Acter Lyoad: 5000 lb0tension
3. Piston Motion:

FliNLHS.108 int. p e 8.4 Hz
5. Fluid Tamp.: +200 Deg F

Frequency, Hz

2w V icke rs Pump: S/N M X- 34 65 81 -
E-Systems Valve: zero l ap

I. Supply Pressure 4088 psiE 2. Act'r Lead: 50008 lb tension
3. Piston Motion:.158 a100 in.,p-p, 0.4 H.
4. Fluid: MIL-H-S 325

m5. Fluid Temp.: +208 Deg F

C
0

U

4-)

191



NADC-88066-60

SYSTEM ENERGY CONSUMPTION

se Vickers Pump: S/'N MX-346581

E-Systems Valve: zero lap

\

c
0

400

U

20

4)1
I. Supply Pressure: 9000 psi
2. Rct'r Load: 5000 lb tension
3. Piston Motion:

I li.8 in. 9- 0.4 Hz
4. Fluid: MIL-H-8 282
5. Fluid Temp.: +200 Dog F

Frequency, Hz

e0 Vickers Pump: S/N MX-34658I

E-Systems Valve: zero lap

C

E 1 Supply Pressure: 4000 psi
D_ _ 2 Rct'r Lead: 5000 lb tension

3 Piston Motion:
I- 0.190 In. o-p 6 9.4 Hz
m 4. Fluid: MIL-H-83292

S. Fluid Temp.: +200 Dog F

C

4.) a0

0)

4-$

V ° ieI

IS'

Frequency, Hz
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NADC-88066-60

PUMP ENERGY CON',S'JMP-rbO_0

6 Vickers Pump: S/ri MX-346581
E-Sys. Valve: 0.L02 in. overlap

C

SI-

II 4

C
0

300

4)

d) 2M

I. Supl Pressure: 9808 psi
li2. Mctr yLo ad: 500 lb ton*ion -______

a) I3. Piston Motion:
I 9190 in. *- 0.4 Hz

4. Fluid; MIL-H-63282
5. Fluid Temp.: +200 Dog F

Frequency, Hz

GE Vickers Pump: S/N 346581

E-Sys. Valve: 0.002 in. overlap'

E 8I Supply Pressure: 4000 psi
2Ret'r Load: 5000 lb tension

3. Piston Motion:
.100 in. P-P 6 0.4 Hz

____________ 4. Fluid: MIL-H-93262m 4 ~ 5. Fluid Temp.-: +200 Dog F

C
0

+19



NADC-88066-60

ACTUATOR ENERGY CONSUMPTION

28 - Vickers Pump: S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

C

1: Supply Pressurl: BOB9 paiE .Act 'rLoad: 5999 lb tension
3. Piston Motion:____ __ ______

Ise 6 .1099 in. e- 9.4 Hz - _ ___ ______
4. Fluli MIL 9-822

Co 5. Fluid Tamp.: +200 Dog F

C

4->

FrqunyH

20 ikrsPm:,N X3G8

I u

1Frequency, HH

4. Sluly Preure: 489s

M 5. Fluid Temp.: +200 Dog F

0

40)

is

Frequency, Hz
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NADC-88066-60

SYSTEM ENERGY CONSUMPTION

ON Vickers Pump! S/N MX-346581
E-Sys. Valve: 0.002 in. overlap

C

E

U

2. Act r Load: 5000lteso
0.100 in. p-p e0.4 Hz

4. Fluid: MIL-H-832132
5. Fluid Temp.: +200 Dlog F

10
Frequency, Hz

Vickers Pump: S/N MX-346581
E-Svs. Valve: 0.002 in. overlap

C

E I. Supply Pressure 4000 psi
____2. Rct'r Load: 5000 lb tension

n GIN3. Piston Motion:
0.100 In. p-p 89.4 Hz

IM 4. Fluid: MIL-H-83282
5. Fluid Temp.: +200 Dlog F

0
- 40

(U

4 j

a)0

Frequency, Hz

195


